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Abstract
A significant fraction of energy demand within the built environment results from the
unsustainable design and intensive use of Heating, Ventilation and Air Conditioning
(HVAC) systems. The introduction of energy efficient technologies into HVAC systems
has therefore gained extensive attention in recent years as a means to increase building
energy efficiency and sustainability. Air-to-air membrane enthalpy exchangers (MEEs)
are among a wide range of environmentally friendly devices that have been increasingly
used to recover waste energy from the exhaust air stream released from buildings. This
exhaust air is a result of the need to bring fresh ventilation air into the building to maintain
good indoor air quality (IAQ). MEEs can also improve indoor air quality in other ways,
for example, by reducing the risk of the spread of infectious diseases, such as COVID-19
or influenza, through facilitating greater dilution of such contaminants by clean outdoor
air.

Although MEEs have been extensively studied from a number of different research
perspectives over many years, quantification of MEE performance improvement and
design optimisation have been less thoroughly investigated. The membrane is the key
component of an MEE, and improving its properties can significantly enhance the overall
performance of such devices. On the other hand, cross flow MEEs have historically had
relatively poor heat and moisture transfer effectiveness, and the development of new
hybrid air flow configurations (e.g. a combination of cross, counter and/or parallel flow
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configuration) for MEEs represents an opportunity to improve their performance and
market share. There is also a knowledge gap in respect of the design optimisation of
MEEs.

This thesis presents a development, experimental and numerical investigation and design
optimisation of MEEs to improve their performance and subsequently enhance building
HVAC energy efficiency. Three main objectives/streams of work were undertaken in the
present study including i) Coating of polymeric polyvinylidene fluoride (PVDF45)
membranes with a thin layer of candidate metal-organic framework materials (MOFs),
which included ZIF-8 and HKUST-1; ii) development and performance assessment of a
new hybrid flow configuration for the MEE to overcome the limitations of the
conventional cross flow configuration; and iii) development of a thermodynamic design
optimisation strategy for MEEs to minimise energy losses and quantify the effects of
operating conditions on the thermal irreversibilities involved in the operation of MEEs.

The key properties of five porous polymeric membranes were first measured to identify
the best membrane for use in MEEs from this cohort of candidates. The optimum
membrane identified was then modified by applying a coating of metal-organic
framework particles on its surface to improve its properties. A laboratory-scale, singlechannel MEE test setup was then prototyped, and the experiments were performed to
assess the performance of the coated membranes. It was found that the latent heat transfer
effectiveness improved from 44.4% for the uncoated PVDF45 membrane to 45.9% and
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47.7% for the ZIF-8@PVDF45 and HKUST-1@PVDF45 coated membranes,
respectively.

A multi-flow configuration MEE exchanger test setup was then designed and prototyped
to examine the performance of the new configuration and to compare it with that of a
conventional cross flow configuration. A number of experiments and simulations were
designed and executed to facilitate the comparison. The results showed that the sensible,
latent and total heat transfer effectiveness increased by 12.3%, 15.1% and 14.6%
respectively, as compared to that of the pure cross flow configuration. A computational
fluid dynamics (CFD) flow analysis of the hybrid flow configuration showed that there
were three flow zones, i.e. a mixed flow zone (counter and cross flow) in the central
region, counter flow close to the walls and cross flow near the inlet and outlets.

The design optimisation strategy for MEEs was developed based on the second law of
thermodynamics (i.e. entropy generation) and the NTU-effectiveness method. The key
design parameters were first identified using a sensitivity analysis technique. The
optimisation problem was then formulated and solved using a genetic algorithm to
determine the optimal values of the key design parameters. The results showed that
entropy generation can be decreased by 29.7% and 19.8%, respectively, for the heating
and cooling mode operations when the optimum values were used, as compared to the
baseline design.
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The findings obtained from this study could provide useful and straightforward
methods to improve the performance of air-to-air membrane enthalpy exchangers used
for energy recovery applications in buildings, which could potentially reduce building
energy consumption by preconditioning the incoming air and provide better indoor air
quality by increasing the amount of the incoming fresh air.
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Nomenclature
∆

difference or change

∆W

change in weight (kg)

Acup

area of the cup (m2)

At

area of the membrane

C

the membrane coefficient; heat capacity rate (kW/K)
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ratio of mass flow rate

cp

specific heat (kJ/kg.K)

Ct
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D

diffusivity coefficient (m2/s)

Da

moisture diffusivity of the air (m2/s)

Dh

hydraulic diameter (m)

Dmem
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Chapter 1 Introduction
1.1 Background and motivation
The rapid increase in global energy demand and greenhouse gas emissions together
with limitations in conventional fossil fuel energy resources have raised major concerns
on environmental and energy issues (Chen et al., 2014). The building sector is responsible
for about 40% of global energy usage (Duan et al., 2012; Omer, 2008; Lin et al., 2014),
and overall approximately 50% of the energy supplied to buildings is used for space
heating, ventilation and air-conditioning (HVAC) (Duan et al., 2012; Ma et al., 2019). In
addition, it is expected that the energy consumed by HVAC systems will increase by
about 80% from 2010 to 2050 due to population growth, urbanisation, economics and the
continued increase in indoor thermal comfort requirements (Ürge-Vorsatz et al., 2015).
Therefore, developing energy-efficient HVAC systems has become a priority for
engineers and designers to reduce building energy consumption. On the other hand, as
most people spend more than 90% of their life inside the buildings, HVAC designers
should seriously take into consideration indoor air quality, which can affect the comfort,
health and productivity of building occupants (Liu et al., 2017).
In conventional HVAC systems, supply air is generally obtained by mixing a fraction
of the conditioned return air with outdoor fresh air (Al-Waked et al., 2018). Indoor air
quality can be improved by increasing the amount of fresh air, however, this process
generally requires more energy to precondition the incoming fresh air to meet the indoor
thermal comfort conditions (Fisk et al., 2012). For example, the HVAC systems in the
hot and humid zones consume about 20-40% of their total energy for conditioning the
outdoor fresh air (Saber et al., 2016). In contrast, the energy required to condition the
fresh air can be reduced by 70-90% when the HVAC system is integrated with an energy
recovery unit (Zhang, 2012).
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Energy recovery ventilators (ERVs) have attracted increasing attention as they are
capable of mitigating energy consumption and associated greenhouse gas emissions
(Cuce and Riffat, 2015). Many recent ERVs can recover both sensible and latent heat
from exhaust air and then transfer this heat to the supply air. In addition, ERVs can
improve indoor air quality by providing a sufficient amount of fresh air to the supply air,
which can reduce the risk of catching epidemic diseases (Zhang, 2016) such as Bird flu,
SARS and COVID-19 by dilution of these virus concentrations.
There are various types of ERVs used in building applications including enthalpy
wheels, air-to-liquid membrane enthalpy exchangers and air-to-air membrane enthalpy
exchangers (MEEs) (Justo Alonso et al., 2015; Mardiana-Idayu and Riffat, 2012). Among
them, the air-to-air MEEs have been widely used in buildings because of their high
effectiveness, small footprint, simple design and low cross-contamination characteristics
(Engarnevis et al., 2018).
An air-to-air MEE uses semi-permeable membranes to separate the exhaust air from
the supply air. The membranes allow for both heat and moisture transfer between the two
air streams (O’Connor et al., 2016). Heat and moisture transfer between the two air
streams are driven by the temperature and specific humidity differences between the two
sides of the membrane, respectively. An air-to-air MEE can be used to pre-condition the
incoming air for both cooling and heating purposes. Under the cooling operating mode
(summer conditions) hot and generally humid outdoor air is cooled and dehumidified in
the exchanger, while during heating (winter conditions) the cold and generally dry
outdoor air is warmed and humidified in the exchanger.
Typically, two membrane types including porous polymeric membranes (Liu et al.,
2016a), and dense membranes (Nasif et al., 2012; Zhang, 2009c) have been adopted as
the transfer media in MEEs. The membrane used in the MEE should have appropriate
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mechanical strength characteristics with high permeability and selectivity for water
vapour over other unwanted gases (Engarnevis et al., 2018). The properties of the
membrane can significantly influence the performance of the MEE. The moisture
diffusivity and the modulus of elasticity are commonly considered as the most important
parameters when selecting membranes for MEEs (Abdel-Salam et al., 2014). On the other
hand, membrane hydrophilicity (the degree to which a surface attracts water) is an
essential parameter for improving membrane permeability. These important properties
have generally not been well documented in almost all of the membranes used in MEE
studies, especially for porous polymeric membranes. Therefore, a systematic
experimental study is needed to measure the key properties of porous polymeric
membranes that can be potentially used in MEEs and then examine their influence on the
performance of MEEs.
Many efforts have been made on the development of novel membranes such as copolymer membranes (Wang et al., 2015), and asymmetric composite membranes
(Engarnevis et al., 2018) to increase membrane permeability and water vapour selectivity.
It has been reported that the latent heat transfer effectiveness (i.e. the ratio of the actual
moisture transfer rate to the maximum possible moisture transfer rate of the MEE) could
increase by up to 70% with the use of such membranes (Zhang, 2016). Asymmetric
composite membranes used in MEEs consist of a porous polymeric membrane covered
with a thin layer of dense materials (Engarnevis et al., 2018). However, using a porous
material as a cover layer to improve the properties of the porous polymeric membrane has
not been previously reported.
Significant efforts have also been made on the intensification of heat and moisture
transfer in exchangers through appropriate flow arrangements. It is well known that the
best performance can be generally achieved by using the counter flow configuration
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(Zhang et al., 2010; Yang et al., 2014; Huang et al., 2014a; Vali et al., 2015). However,
this is usually difficult to achieve practically in a compact exchanger due to the fact that
the inlet and outlet ducts overlap each other, and sealing of fluid channels also becomes
problematic (Vali et al., 2015; Yang et al., 2014; Huang et al., 2014a). Thus, a new mixedflow configuration (i.e. hybrid flow) has been developed to reduce the manufacturing
challenges of the counter flow configuration while maintaining a high MEE effectiveness.
The mixed-flow configuration can potentially consist of two or more of the basic flow
configurations (e.g. parallel, cross and/or counter). For instance, flow arrangements such
as L-shape, Z-shape and quasi-counter flow have been proposed in several studies (Nasif
et al., 2010; Zhang, 2010b; Al-Waked et al., 2018). The sensible heat transfer
effectiveness and latent heat transfer effectiveness of those configurations were found to
be somewhere between the effectiveness of counter flow and cross flow configurations.
However, only a few mixed-flow configurations have been investigated in the literature.
Accordingly, there is a need to further develop new flow configurations of the MEE and
thoroughly investigate their overall performance.
Design optimisation of the MEE is another topic of interest since the inappropriate
design will lead to sub-optimal efficiency and potentially high capital and/or running
costs. A limited number of studies have been primarily focused on optimising one or two
parameters only while maintaining the other parameters constant (Zhong et al., 2015;
Yaïci et al., 2013). However, interactions between the design parameters could affect the
operating efficiency and hence the performance of the MEE. To date, only one peerreviewed publication proposed a single-objective design optimisation methodology, and
used a genetic algorithm to optimise several MEE design parameters based on three
different objective functions (Zhang, 2016). This indicates that the research on this topic
is not yet sufficiently mature, and it is therefore necessary to develop a design

4

optimisation method to obtain the optimum values of the key design parameters of the
MEE.
1.2 Aim and objectives
The primary aim of this study was to develop, evaluate and optimise an air-to-air
membrane enthalpy exchanger (MEE) so as to reduce building operational cost while
delivering improved indoor air quality. To achieve this aim, several objectives were set
for this project.
I.

Develop a new straightforward method to improve the key properties of porous
polymeric membranes by coating the membrane surface with highly porous metalorganic framework materials and evaluate the performance of the coated
membranes in MEEs through experimental investigation.

II.

Develop a new mixed-flow configuration for the MEE and experimentally
evaluate its performance under a range of operating and design conditions.

III.

Develop mathematical models and perform numerical simulations for MEEs to
evaluate heat and moisture flux on the membrane surface and explore the flow
structure inside the developed mixed-flow configuration MEE.

IV.

Develop a thermo-physical model using the second law of thermodynamics and
the NTU-effectiveness method and formulate a design optimisation method to
minimise entropy generation in MEEs.

1.3 Research methodology
The research methodology used in this study is illustrated in Fig. 1.1. It consisted of
experimental investigations of the membranes and the prototype exchanger (Objectives I
and II), mathematical modelling (Objective III) and thermodynamic analysis and design
optimisation of MEEs (Objective IV).
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Fig. 1.1 Overall research methodology used in this thesis.
1.4 Thesis structure
This chapter provides the background and motivation of the study, and the aim and
objectives as well as the overall research methodology used.
Chapter 2 presents a literature review of several topics related to MEEs including
membrane characteristics, design of MEE modules, heat and moisture transfer
mechanisms, performance improvement techniques, design optimisation strategies and
the effects of operating conditions on the performance of MEEs.
Chapter 3 presents membrane characterisation, modification and performance assessment
of MEEs. The measurement apparatus used to determine the key properties of five porous
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polymeric membranes are described followed by a description of the modification
strategy used to improve the membrane properties. Lastly, the experimental investigation
to assess the performance of the original and modified membranes is explained.
Chapter 4 describes the experimental investigation and performance evaluation of the
MEE under various operating conditions and design parameters. A multi-flow
configuration MEE was designed and prototyped. A test setup for the MEE was
developed, and experiments were carried out to quantify the effects of the operating
conditions and the design parameters on the performance of the MEE.
Chapter 5 presents numerical investigations to obtain the properties of the air and the heat
and moisture flux on the surface of the membranes as a function of location within the
MEE. The numerical models were developed and validated against the experimental data
generated in Chapters 3 and 4. The simulations were then conducted over a wide range
of the operating conditions and design parameters to investigate the performance of the
MEEs reported in the two previous chapters.
Chapter 6 describes the development of a new design optimization method for MEEs. A
thermo-physical model based on the second law of thermodynamics and NTUeffectiveness was derived to explore the effects of several parameters on the
irreversibilities in the MEE. The key design parameters of the MEE were then determined
using a sensitivity analysis, and the optimisation problem was solved using a genetic
algorithm.
Chapter 7 summarises the main findings of this study and the recommendations for future
work.
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Chapter 2 Literature review
This thesis investigates the potential techniques and strategies used to improve the
performance of the air-to-air membrane enthalpy exchangers (MEEs) as well as the
design optimisation strategies. This chapter provides a state-of-the-art review of air-toair MEEs developed to date. The main objective of this review is to assist in identifying
current research gaps on the topics of performance improvement and design optimisation
of the air-to-air MEEs.
This chapter is structured as follows. Section 2.1 presents a classification of enthalpy
recovery technologies. An overview of the membrane properties and materials used in
the MEEs is provided in Section 2.2. The existing modules of the air-to-air MEEs are
reviewed in Section 2.3. In Section 2.4, detailed descriptions of the heat and moisture
transfer mechanisms for different membrane types are presented. The techniques applied
to improve the heat and moisture transfer performance of the air-to-air MEEs are
summarised and described in Section 2.5. The attempts for design optimisation of the airto-air MEEs and the effect of the operating conditions on the performance of various
types of air-to-air MEEs are discussed in Section 2.6. The main findings obtained from
the literature review are summarised in Section 2.7.
2.1 Air to air enthalpy (energy) recovery technologies
Energy recovery commonly refers to the process that both sensible and latent heat transfer
from an air stream with higher conditions (i.e. temperature and moisture) to the air stream
with lower conditions (Justo Alonso et al., 2015; Liu et al., 2016b). On the other hand,
the energy recovery device can be defined as a device that can extract energy from one
air stream and add it to another air stream (Mardiana-Idayu and Riffat, 2012). Using such
a device can reduce the difference of the air conditions between the indoor and outdoor
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by pre-conditioning the incoming air. While the main functions of the energy recovery
technologies are to recover a portion of waste energy, they are also designed to maintain
an acceptable level of indoor air quality (Justo Alonso et al., 2015). Typically, an energy
recovery unit consists of ducts for supply and exhaust air, enthalpy exchanger core and
fans. In the enthalpy exchanger core, both the sensible and latent heat is transferred from
one air stream to another. There are several types of energy recovery technologies that
can be classified based on the construction of the enthalpy exchanger core and they are
presented in the following sections.
2.1.1 Enthalpy wheel
Enthalpy (energy) wheel is the common type of regenerative enthalpy exchanger.
Enthalpy wheel is mainly constructed from a porous matrix coated with desiccant
materials. The matrix or storage media is driving by a motor to rotate steadily and pass
alternately from the higher conditions air stream to the lower conditions air stream as
shown in Fig. 2.1 (O’Connor et al., 2016). As the wheel rotates between the supply and
exhaust air streams, the matrix captures the heat and moisture from the higher conditions
side and then releases them to the lower conditions side. The thermal capacity of the
matrix material and the rotating speed are the most important parameters that can affect
the performance of the enthalpy wheel (Justo Alonso et al., 2015). Many studies have
been conducted to examine the effects of dimensionless parameters such as rotating speed
and air conditions on the effectiveness of the energy wheel (Stiesch et al., 1995; Banks,
1985a; Banks, 1985b; Zhang and Niu, 2002; Klein et al., 1990).
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Fig. 2.1 Working principle of the wheel heat recovery unit (O’Connor et al.,
2016).

2.1.2 Run- around membrane enthalpy exchanger (RAMEE)
Run-around membrane enthalpy exchanger (RAMEE) is another form of regenerative
energy recovery device. RAMEE typically consisted of two physically separated air-toliquid membrane enthalpy exchangers and two circulation pumps. The semi-permeable
membranes are used to separate the liquid and air streams. Heat and moisture transfer
through the membranes from the higher conditions air stream to the liquid, which is
circulated in a close loop to the other air stream where the heat and moisture are released
as shown diagrammatically in Fig. 2.2. Despite the RAMEE system is less efficient
compared to the other energy recovery systems, it can transfer energy between the two
air streams that might not be in close physical proximity (Mardiana-Idayu and Riffat,
2012). This could be an important feature in particular for the building retrofit
applications where the designers often did not take into consideration space for adding
extra components. The separate air streams offer RAMEE systems another advantage
over other systems when air contamination is a concern (Vali et al., 2009).
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Fig. 2.2 Schematic of the run around membrane enthalpy exchanger system
(Vali et al., 2009).

2.1.3 Ai-to-air membrane enthalpy exchanger (MEE)
Air-to-air membrane enthalpy exchanger (MEE) is the most common type of energy
recovery system. MEE generally consists of semi-permeable membranes, spacers and
frames. These components are assembled together to form alternative channels as shown
in Fig. 2.3. The higher conditions and lower conditions air streams pass alternatively
through the adjacent channels. Both the heat and moisture can transfer through the
membrane driven by the temperature difference and vapour pressure difference,
respectively.
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Fig. 2.3 Illustration of a cross flow membrane enthalpy exchanger.

A comparative analysis of the three energy recovery technologies is summarised in Table
2.1. The energy recovery technologies were compared by the typical effectiveness,
pressure drop, advantages and disadvantages. The data in Table 2.1 show that the air-toair membrane enthalpy exchanger seems to be the most promising technology, and
therefore it is mainly covered in the following sections.
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Table 2.1 Comparisons among the three main energy recovery technologies (Justo Alonso et al., 2015; Mardiana-Idayu and Riffat, 2012;
O’Connor et al., 2016)
Energy recovery

Typical sensible

Typical latent

Pressure drop

technology

heat transfer

heat transfer

(Pa)

effectiveness

effectiveness

50-85% (Justo

50-85% (Justo

4-45

•

High performance

Alonso et al.,

Alonso et al.,

(O’Connor et

•

Compact design

2015)

2015)

al., 2016)

Enthalpy wheel

Advantages

Disadvantages

•

Air streams required to be
adjacent

•

Extra energy required to
drive the wheel

•

Cross contamination is
possible

Run around
membrane enthalpy
exchanger

45-65%

45-65%

(Mardiana-Idayu (Mardiana-Idayu
and Riffat,

and Riffat,

2012)

2012)

≈1

•

Low pressure drop

•

Relatively low performance

(O’Connor et

•

Compact design

•

Extra energy required by

al., 2016)

•

Air streams can be
physically separated

•
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No cross contamination

the pumps

Air-to-air membrane
enthalpy exchanger

50-80%

50- 80%

(Mardiana-Idayu (Mardiana-Idayu
and Riffat,

and Riffat,

2012)

2012)

7-30

•

High performance

(O’Connor et

•

Compact design

al., 2016)

•

Highly reliable due to no
moving parts

•

Low cross
contamination

•

No additional energy
required
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•

Air streams required to be
adjacent

2.2 Membranes used in MEEs
Membranes are selective layers that allow for certain components of a mixture to
exchange between the membrane sides, and the direction of the transport depends on the
driving force (Liu et al., 2019). Membranes are the most important component of the
MEE. Semi-permeable membranes used in MEEs can allow both moisture and heat to
transfer between the air streams driving by the difference in moisture content and
temperature on the membrane sides (Justo Alonso et al., 2015; O’Connor et al., 2016).
There are several important properties of the membranes used in MEEs.
2.2.1 Properties of membranes used in MEEs
The performance of an MEE depends on the properties of the selected membranes.
The membranes used in MEEs can be characterized by several critical properties
including pore size, porosity, moisture diffusivity, selectivity and modulus of elasticity
(Liu et al., 2019). However, properties such as thermal conductivity and tortuosity factor
are less important for membrane characterization.
2.2.1.1 Pore size
Pore size generally refers to the nominal diameter of the membrane pores (Liu et al.,
2019). Pore size influences the membrane structure and hence the mechanism of moisture
transfer through the membrane (Alkhudhiri et al., 2012). The membranes can be classified
into dense and porous membranes based on the pore size. The pore size of the dense
membranes is in the order of 0.1 nm, while that of the porous membranes is at around 0.1
µm (Liu et al., 2016a). A larger pore size could increase the ability of the membrane to
exchange moisture. However, the risk of transferring other unwanted gases and
contaminations also increases as the pore size increases. Therefore, membranes with
suitable pore sizes are required for MEEs.
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2.2.1.2 Porosity
Membrane porosity is defined as the ratio of the volume of pores to the total volume
of the membrane (Alkhudhiri et al., 2012; Abdel-Salam et al., 2014). A higher porosity
would result in increased moisture flux and reduced conductive heat dissipation
(Alkhudhiri et al., 2012). However, the mechanical properties of the membrane can be
negatively affected by the increased porosity.
2.2.1.3 Moisture diffusivity
Moisture diffusivity (i.e. permeability) is the most essential property of the membrane
used in MEEs. It indicates the amount of moisture diffuse through a unit surface area of
the membrane in a unit of time (Liu et al., 2019). Membranes with high moisture
diffusivity allow water vapour to diffuse more rapidly than those with low moisture
diffusivity. The moisture diffusion resistance (MDR) is the reciprocal of the moisture
diffusivity. MDR indicates the ability of the membrane to resist the water vapour
permeated through the membrane. MDR accounts for around 65-90% of the total
moisture transfer resistance (Min and Su, 2010b). The moisture diffusivity can be
estimated using various devices and approaches (Huang, 2008; McCullough et al., 2003;
Ge et al., 2014). The wet/dry cup method detailed in ASTM E96 standard (E96/E96M,
2005) has been widely used to estimate the moisture diffusivity of the membranes
(Mondal et al., 2006; Lainioti et al., 2016; Hu et al., 2001; Deimede et al., 2020). The
performance of the MEE in particular latent heat transfer effectiveness (LHTE) and total
heat transfer effectiveness (THTE) is influenced by the moisture diffusivity of the
membrane (Min and Su, 2010b; Niu and Zhang, 2001). On the other hand, the operating
conditions (i.e. humidity and temperature) could affect the moisture diffusivity of the
membrane (Ge et al., 2014). However, in many studies, moisture diffusivity of the
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membrane is considered as a constant value obtained from a single experiment or an
averaged value of several experiments (Koester et al., 2017; Zhang, 2009c; Yaïci et al.,
2013; Kistler and Cussler, 2002; Zaw et al., 2013). This could simplify the structure of
the models used to predict the LHTE but it may reduce the accuracy of the result. A
variable moisture diffusivity relationship against the operating conditions was also
obtained from a set of experimental tests in a few studies (Nasif et al., 2012; Nasif and
Al-Waked, 2014; Nasif, 2015).
2.2.1.4 Selectivity
Selectivity is the ability of a membrane to transfer the water vapour over the other air
components (Liu et al., 2019). A high selectivity indicates low cross contaminations of
the unwanted gases and the membrane allows water vapour to transfer through it only.
Increasing the pore size can result in decreased membrane selectivity (Woods, 2014).
Since the function of an MEE is not only to recover energy but also to maintain the indoor
air quality at an acceptable level. Membranes with high water vapour selectivity are
essential for MEEs.
2.2.1.5 Modulus of elasticity
Modulus of elasticity is a ratio of stress change to the strain change in the regime of
elastic deformation (Scott, 2000). Modulus of elasticity of the membrane is a critical
parameter in the MEE design to reduce the membrane deflection (Ge et al., 2014). Alonso
et al. (Justo Alonso et al., 2017) reported that the membrane elasticity can strongly
influence the pressure drop in the MEE channels. The membrane deflection results from
the differential pressure between the two adjacent channels. A study by Larson et al.
(Larson et al., 2008) showed that significant membrane deflection can occur by applying
a moderate pressure difference on both sides of the membrane. The membrane deflection
varies inversely with both the thickness and modulus of elasticity of the membrane. Since
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the membranes used in MEEs generally have a small thickness, membranes with high
elastic modulus are essential to avoid a high deflection. In general, the higher the
membrane elastic modulus , the less the flow maldistribution due to the membrane
deflection (Abdel-Salam et al., 2017).
The membrane deflection causes the variation of the channel space and flow
distribution. These variations would result in the uniformity of the convictive
heat/moisture transfer coefficients, which would negatively affect the performance of the
MEE (Larson et al., 2008; Zhang, 2009b). The membrane deflection can be overcome by
employing membranes with the high elastic modulus (Abdel-Salam et al., 2017) and/or
using support structure inside the channels (Justo Alonso et al., 2017). The modulus of
elasticity is estimated from the stress-strain diagram that can be obtained through tensile
tests (Zhao et al., 2017; Li et al., 2019). In addition, a bulge test cell can be used to
measure the deflection perpendicular to the membrane surface and determine the stressstrain diagram (Larson et al., 2008; Ge et al., 2014).
2.2.1.6 Membrane surface wettability
The surface wettability of the membrane can be assessed by measuring the water
contact angle (WCA). The surfaces can show five wetting behaviours based on the value
of the water contact angle as shown in Fig. 2.4 (Mukherjee et al., 2019).

Fig. 2.4 Surface wettability behaviours (Mukherjee et al., 2019).
The main function of the membranes in MEEs is to separate the air streams and
transport the heat/moisture between the air streams. The wetting behaviour of the
membrane can influence the diffusion of the water vapour through the membrane.
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Usually, the hydrophilic membranes exhibited high water vapour permeability (Bui et al.,
2017), and therefore they are preferable for the MEEs (Woods, 2014). The membrane
shows hydrophilic nature due to chemical groups presented in the structure of the
membrane that can attract the water molecules (Bolto et al., 2012). Hydrophilicity can be
achieved by either using hydrophilic membranes such as Nafion, regenerated cellulose
and polyethersulfone (PES) (Zhang, 2006b) or by treating the hydrophobic membranes.
The treatment of the hydrophobic membranes could be a chemical process such as
fluorination, sulfonation and block co-polymer formation (Bui et al., 2017) or a physical
process including coating the surface of the membrane and blending materials into the
matrix of the membrane (Li et al., 2016). Physical treatment is preferable over chemical
one as it is environmentally friendly, controllable and low in cost (Bui et al., 2017).
2.2.1.7 Thermal conductivity
Membrane thermal conductivity indicates the ability of the membrane to transfer heat
conductively. Typically, the materials of the membranes used in MEEs have a low
thermal conductivity of about 0.12- 0.33 W/m.K (Al-Waked et al., 2018; Zhang, 2009c).
Unlike the MDR, the thermal resistance of the membrane accounts for less than 0.5% of
the total heat transfer resistance of the MEE, and it could therefore be neglected (Liu et
al., 2016a).
2.2.1.8 Tortuosity factor
The tortuosity factor is the ratio of the length of the pathway of the water vapour
diffuses through the porous membrane to the length of the straight pathway (Alkhudhiri
et al., 2012). A lower tortuosity factor would result in higher water vapour flux. The
tortuosity factor depends on the pore geometry. There are various possibilities of the pore
geometry of the porous membranes. However, the value of the tortuosity factor is
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frequently assumed to be 2 (El-Bourawi et al., 2006; Lawson and Lloyd, 1997; Bandini
et al., 1997; Phattaranawik et al., 2003; Khayet et al., 2004).
2.2.2 Membrane materials
The membrane materials used in MEEs will directly impact the overall performance.
From an engineering point of view, the materials of a particular application should be
selected based on several parameters that could strongly affect the performance of that
application directly or indirectly. The performance of an MEE is highly influenced by the
membrane properties including moisture diffusivity, water vapour selectivity and
mechanical properties (Ge et al., 2014). In a comparative study performed by Liu et al.
(Liu et al., 2009), the potential membrane materials that can be used for MEEs were
explored. It was found that the structural properties of the membranes including pore size,
porosity and thickness are the most important parameters in the membrane selection.
Besides the structural properties, the hardness, durability and cost of the membrane
should also be considered in the membrane selection. As summarised in (Liu et al., 2009),
several materials can be potentially used in MEEs. However, only two materials namely
paper and polymer are often practically used to fabricate the membranes for the MEEs.
2.2.2.1 Paper membranes
Paper membranes are the most common form of hydrophilic fibre membranes. They
have been effectively used to transfer both heat and moisture between two air streams
(Nasif et al., 2012; Nasif, 2015; Nasif and Al-Waked, 2014). Paper membranes have
relatively high surface wettability and low hardness and thermal conductivity (Liu et al.,
2009). The structure of paper membranes can be either dense or porous. The moisture
diffusivity of those membranes varied from low values in the order of 10-11 m2/s (Zhang,
2009c) to medium values in the order of 10-7 m2/s (Zhang et al., 2010; Zhang, 2016).
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Most of the fibre materials used for paper membranes are low in mechanical
properties especially after being wet, which would decrease the deformation resistance
and the longevity of the membrane (Fend et al., 2004). However, membrane longevity
can be overcome by frequently replacing the membranes as most paper membranes are
relatively cheap (Liu et al., 2009). Paper membranes have been widely used in MEEs.
Table 2.2 summarises the properties of several paper membranes used in MEEs.
Table 2.2 Properties of the paper membranes used in MEEs
Membrane Thickness
(µm)

Porosity

MDR
(m2.s/kg)*

Moisture
diffusivity
(m2/s)

Thermal
Ref.
conductivity
(W/m K)

Kraft
paper
gsm

78

0.0027

95868∆w+4
2

-

-

(Nasif et al., 2012;
Nasif, 2015)

98

0.0029

84988∆w+3
8

-

0.12

(Nasif, 2015; AlWaked et al.,
2018)

130

-

4168∆w

-

-

(Nasif and AlWaked,
2014;
Nasif et al., 2013)

ER paper

96

-

-

1.78×10-7

0.31

(Zhang, 2016)

Treated
paper

-

-

-

5×10-7

0.18

(Zhang
2010)

Platepaper

100

-

-

3.5×10-11

0.44

(Zhang, 2009c)

LiCl
treated
paper

42

-

11489**

3.0×10-11~
3.8×10-11

0.13

(Lee et al., 2012;
Lee et al., 2013)

Paper
membrane

55

-

-

6.08×10-12

0.44

(Zhang
2008a)

Kraft
paper
gsm
Kraft
paper
gsm

45

60

70

* MDR - Moisture diffusion resistance; ** Calculated value.
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An experimental investigation was conducted in (Nasif, 2015) to evaluate the
performance of MEE cores made of Kraft paper 45 gsm and 60 gsm. It was found that
despite the thickness of the 60 gsm membrane is higher than that of the 45 gsm membrane
as listed in Table 2.2, the LHTE of the core with 60 gsm membrane was higher than that
for the core with 45 gsm membrane. That was attributed to the membrane porosity effect,
as the porosity of the 45 gsm paper was 0.0027 while the porosity of the 60 gsm was
0.0029. It was reported that using the Kraft paper 60 gsm as a transfer surface in heat
exchangers can save energy by 78% in comparison with that using Mylar as a transfer
surface (Nasif, 2015).
Lee et al. (Lee et al., 2013) conducted an experimental study to determine the moisture
diffusivity, permeability and sorption isotherms for LiCl-impregnated paper membrane.
The results showed that diffusion moisture diffusivity was affected by the relative
humidity and temperature. The variation in membrane moisture diffusivity was
comparable with that of the hydrophilic polymer membranes reported in (Zhang, 2006c;
Zhang, 2006a).
2.2.2.2 Polymeric membrane
Polymeric membranes are the most common semi-permeable surfaces that have also
been used to transfer both heat and moisture in MEEs. This type of membranes is
reproducible, low in cost and has strong mechanical properties (Qu et al., 2018). The
membrane permeability and water vapour selectivity over the air are the most important
driving factors to select the polymeric membranes for the MEEs. Fig. 2.5 shows the
permeability and selectivity of a number of polymeric membranes that are commonly
used for water vapour transport applications (Metz et al., 2005; Engarnevis, 2018).
As shown in Fig. 2.5, several membranes can offer high permeability and selectivity.
For instance, the water vapour permeability of the SPEEK membrane is 2.04×10-11 mol/m
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s Pa and its selectivity of H2O/CO2 and H2O/N2 is 7,512 and 107, respectively. On the
other hand, almost all of the rest membranes listed in Fig. 2.5 possess a low permeability
with either high or moderate selectivity. For example, the selectivity of H2O/CO2 and
H2O/N2 of PP membrane was 7 and 227 respectively while its water vapour permeability
was 2.78×10-14 mol/m s Pa. Besides, the polyethylene (PE) membrane yields low
permeability and selectivity. However, the properties of the membranes can be affected
by the pore size and the porosity of the membrane as mentioned earlier. These structural
properties of the membrane can be controlled using an appropriate membrane fabrication
method (Warsinger et al., 2018). Various approaches have been used for membrane
fabrication including electrospinning and phase inversion, film casting, aerosol
deposition, layer-by-layer deposition, in-situ polymerization, ion-assisted deposition, ion
exchange, hydrothermal synthesis, dip coating, spray coating, sputtering and etching
(Warsinger et al., 2018).
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Fig. 2.5 Variation of water vapour permeability of polymeric membranes with a)
selectivity of H2O/N2 (Metz et al., 2005), and b) selectivity of H2O/CO2
(Engarnevis, 2018).
Several polymeric membranes have been used as transfer surfaces in MEEs. It is
worthwhile to mention that the water vapour permeability of those membranes was
generally different than the values presented in Fig. 2.5 as they might have different
structures. The characteristics of the polymeric membranes used in MEEs are summarised
in Table 2.3.
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Table 2.3 Properties of the polymeric membranes used in MEEs
Ref.

Pore size Surface
(µm)
function

Diffusivity Thickness
(m2/s)

(µm)

-

Hydrophilic

1.05×10-11

5

(Zhang, 2007a)

-

-

3.2×10-11

(Li et al., 2015),
(Zhang et al., 2011)

0.45

-

(Zhang
2008a)

Membrane

et

al., Cellulose
acetate, AC

Porosity

Density

Conductivity

Permeability

(kg/m3)

(W/m K)

(mol/ m s Pa)

-

760

0.41

-

100

-

836

-

-

3.77×10-6

-

0.75

-

0.127

-

(Min et al., 2010)

Polyvinylidene
fluoride, PVDF

0.22

-

1.65×10-6*

81.6

-

-

-

-

(Min et al., 2010)

Polyethersulfone 0.22
, PES

-

6.11×10-7*

94.8

-

-

-

-

(Min et al., 2010)

Cellulose

0.22

-

6.72×10-7*

114.6

-

-

-

-

(Liu et al., 2016a)

Polypropylene,
PP

-

Hydrophobic

1.6×10-12

32

0.41

370

0.16

-

± -

-

32 ± 2

-

-

-

3.86×10-10 ±
1.02×10-11*

Polydimethylsil
oxane, PDMS

-

-

-

55

-

-

-

1.2×10-11*

(Engarnevis et al.,
2020)
(Lekshminarayana
n et al., 2020)

0.156
0.008

25

(Engarnevis et al., Polyethylene,
2020)
PE

0.068
0.006

± -

-

105 ± 4

* Calculated value.
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-

-

-

6.86×10-10 ±
2.64×10-11*

2.3 MEE core modules
The membranes could be packed inside MEEs in the form of hollow fibres or parallel
plates. In both modules, the air flow with high conditions is on one side of the membrane
while that with the low conditions is on the other side. The differences between both
modules are revealed below.
2.3.1 Parallel-plates MEE
The construction of this type of module is similar to the flat-plates heat exchanger but
the semi-permeable membranes are used as the transfer surfaces instead of the metal
sheets (Engarnevis, 2018). Various flow arrangements such as cross flow, counter flow,
co-counter flow and mixed-flow have been used. A schematic of the parallel-plates MEE
is shown in Fig. 2.6.

Fig. 2.6 Schematic of a parallel-plates MEE.
The surface area per volume (i.e. packing density) of the parallel-plates module can
be over 500 m2/m3 (Zhang et al., 2010). The parallel-plates module is the most common
form of the commercially available MEEs (Zhang et al., 2010). This is because it has a
simple structure and is easy for fabrication and maintenance (Huang and Zhang, 2013).
However, parallel-plate membranes are not self-supporting, and structural supports for
the membranes (e.g. fins, spacers and grids) might be needed to mitigate the membrane
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deflection and maintain a uniform height of the channel. Larson et al. (Larson et al.,
2008) reported that even with a moderate differential pressure across the membrane, a
significant deflection in the membrane may occur. They recommended using the
membranes with high elastic modulus, applying pre-stress on the membranes and
supporting the membranes to mitigate membrane deflection.
2.3.2 Hollow-fibres MEE
The construction of this module is similar to the shell and tube heat exchanger but a
bundle of hollow fibre membranes instead of the metal tubes is used (Abdel-Salam et al.,
2014). A schematic of the hollow-fibres MEE is shown in Fig. 2.7.

Fig. 2.7 Schematic of the hollow-fibres MEE.
One air stream flows inside the hollow fibres (tube side) while the other air stream
flows outside the hollow fibres (shell side). The diameter of the hollow fibre varies from
1 to 3 mm, and the packing density of the hollow-fibres MEE can be 1000 m2/m3 (Zhang,
2012). A high packing density can increase the transfer area between the two air streams
and thus increase the sensible heat transfer effectiveness (SHTE) and latent heat transfer
effectiveness (LHTE) (Huang and Zhang, 2013). Unlike the parallel-plates module, the
hollow-fibres membranes do not require any structural supports as the circular shape

28

would enable the membrane to resist a larger differential pressure across it (Qu et al.,
2018). The main drawbacks are the high pressure drop in the tube side and the nonuniformity of the flow distribution on the shell side (Qu et al., 2018). The pressure drop
of the tube side is much higher than that of the shell side (Lekshminarayanan et al., 2020).
The measured pressure drop in the tube side was about 350 Pa for a hollow-fibres MEE
constructed with 200 tubular membranes with an inner diameter of 1.2 mm and a length
of 300 mm (Zhang, 2010a). In addition, the pressure drop of the tube side will increase
with the increase in the air flow rate. For instance, Lekshminarayanan et al.
(Lekshminarayanan et al., 2020) reported that the tube side pressure drop of a hollowfibres MEE constructed of 1,280 tubular membranes with an inner diameter of 0.245 mm
and a length of 160 mm increased approximately from 220 to 1,650 Pa when the flow rate
increased from 0.25 L/min to 2.0 L/min. A high pressure drop causes more energy
consumption to operate the fans and thus reduces the total energy saving of the MEE. On
the other hand, the non-uniform distribution of the air on the shell side could negatively
affect the SHTE and LHTE (Li and Zhang, 2014). However, better performance in terms
of pressure drop and the SHTE and LHTE can be achieved by arranging the flow patterns
transversely with sufficient fibre spacing (Kneifel et al., 2006; Vladisavljević and
Mitrović, 2001).
Since the membranes inside the enthalpy exchanger were rarely packed in the form
of hollow-fibres, the abbreviation (MEE) will stand for the parallel-plates membrane
enthalpy exchangers.
2.4 Heat and moisture transfer mechanisms in MEEs
The heat and moisture transfer phenomena in the MEE can be physically defined as
conjugate heat and moisture transfer problems as shown in Fig. 2.8. It includes a) heat
and moisture transfer from the high conditioned air to the exposed membrane surface by
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convection; b) heat conduction and moisture diffusion across the membrane and c) heat
and moisture transfer by convection from the membrane surface to the low conditioned
air. Since the thermal resistance due to conduction is usually neglected, this section
mainly introduces convective heat and moisture transfer and moisture diffusion resistance
through parous and dense membranes.

a) Dense membrane

b) Porous membrane
Fig. 2.8 Heat/moisture transfer mechanisms through membranes (Liu et al.,
2016a).
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2.4.1 Convective heat and moisture transfer
When the air flows through the channel of the MEE, the thermal and concentration
boundary layers start to develop along the membrane surface as shown in Fig. 2.9.

Fig. 2.9 Schematic of thermal and concentration boundary layers in the MEE
channel.
Conjugate heat and moisture transfer conditions form at the interface between the air
and membrane surface and convective heat transfer and moisture transfer occur between
the air and the membrane surface. The flow in the MEEs is usually considered as hydrodynamically and fully developed laminar or turbulent flow based on the Reynold number
and the channel roughness. However, it is recommended that the flow can be maintained
in the laminar region with Reynold number below 2,000 for better energy savings (Nasif
et al., 2010; Zhang, 2007b; Zhang, 2013). On the other hand, the temperature and
concentration profiles could be developed or fully developed based on thermal and
concentration entrance length as shown in Fig. 2.9. The developing thermal/concentration
flow has variable values of the Nusselt and Sherwood numbers along the membrane
surface, while the developed flow has constant values of Nusselt and Sherwood numbers.
However, those values are highly affected by the channel shape/aspect ratio and the
conjugate boundary conditions (Shah and Sekulić, 2003). For the conventional heat
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exchangers, there are two essential boundary conditions namely constant temperature and
constant heat flux (Zhang, 2013). The first one is considered when the temperature
variation on the solid surface is small compared to the temperature gradients of the fluid.
While the constant heat flux condition is often used for the exchangers that are made of
high conductivity materials (e.g. aluminium and copper). On the other hand, the conjugate
condition of the MEEs is rather complex due to the simultaneous heat and moisture
transfer (Zhang, 2007b; Zhang, 2013). The interfacial and thermo-physical properties of
the membranes (e.g. water contact angle, pore size and sorption properties) may have a
significant impact on convective heat and moisture transfer (Zhang, 2013). The practical
conjugate condition of the MEE is neither constant temperature nor constant heat flux,
but formed naturally by the coupling between the two air streams (Zhang, 2007c).
To determine the convective heat and moisture transfer coefficients for MEEs, it is
necessary to obtain the Nusselt and Sherwood numbers under certain constraints (e.g.
developing/fully developed flow and channel shape/aspect ratio). For instance, Liu et al.
(Liu et al., 2017) studied a case with thermally developing flow. They compared the
values of the local Nusselt number (NuLC) and local Sherwood number (ShLC) obtained
numerically by Zhang (Zhang, 2013) with the local Nusselt number of the constant
temperature condition (NuLT) and the local Nusselt number of the constant heat flux
(NuLH) calculated from the correlations reported in (Shah and Sekulić, 2003). The
comparison as shown in Fig. 2.10 was performed for an MEE with rectangular channels
and a width/ height ratio of 50. It can be observed that the values of the numerical local
Nusselt and Sherwood numbers were almost equal. Those values were close to the values
of the local Nusselt number with constant temperature conditions when the
thermal/concentration entrance length is below 0.01. However, the values of the
numerical local Nusselt and Sherwood numbers are approximated to the values of the
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number
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when
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thermal/concentration entrance length varied from 0.05 to 0.1.

Fig. 2.10 Comparison between the calculated Nusselt numbers and the
numerical Nusselt and Sherwood numbers for the developing flow (Liu et al.,
2017).
To explore the relationship of the real conjugate boundary condition of the MEE with
the conditions of constant temperature and constant heat flux at the fully developed case,
a comparison between the values of the naturally formed Nusselt number (Nuc) and
Sherwood number (Shc) presented by (Zhang, 2007a) with the data calculated based on
the correlations provided in (Shah and Sekulić, 2003). The Nusselt numbers with the
constant temperature (NuT) and constant heat flux (NuH) for the rectangular channel with
various height/ width ratios were calculated and compared to the naturally formed Nusselt
and Sherwood numbers as shown in Fig. 2.11. It is obvious that the values of the naturally
formed Nusselt and Sherwood numbers are almost similar. The Nusselt numbers under a
naturally formed condition are approximately equal to the Nusselt numbers under
constant temperature conditions for the height/ width ratio up to 0.01. However, for the
height/ width ratio lower than 0.01, the naturally formed Nusselt numbers are almost
equal to the Nusselt numbers under constant heat flux conditions.
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Nusselt number (Sherwood number)

9

Nu T : by the correlation of Shah and Sekulic

8

Nu H : by the correlation of Shah and Sekulic

7

Nu C : by the numerical modeling of Zhang

6

Sh C : by the numerical modeling of Zhang
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Fig. 2.11 Comparison between the calculated Nusselt numbers from Shah and
Sekulić (Shah and Sekulić, 2003) with the numerical Nusselt and Sherwood
numbers from Zhang (Zhang, 2007a) for the rectangular channel with various
height/ width ratios.
On the other hand, the channel shape may also affect the convective heat and moisture
transfer in the MEE. Using fins to support the structure of the MEE would result in
dividing the channel into small sub-channels with a cross-sectional area similar to the
shape of the fins. Zhang (Zhang, 2008b) compared the effect of the channel shape of the
MEE on the Nusselt number under fully developed conditions. As shown in Fig. 2.12, the
Nusselt numbers for circular, rectangular, isosceles triangular and sine shape channels
with various aspect ratios were determined from numerical solutions and validated with
the data of the constant temperature condition calculated from the correlations provided
in (Shah and Sekulić, 2003). The results showed that the rectangular channel with the
lowest aspect ratio offered the highest Nusselt number. A good agreement between the
numerical and the calculated data of the Nusselt number can also be observed. These
correlations can be used effectively to predict the convective heat transfer coefficient in
the MEE.
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Fig. 2.12 The comparison between the calculated Nusselt numbers with the
numerical Nusselt for various channel shapes under fully developed conditions
(Zhang, 2008b).
In the same study presented by Zhang (Zhang, 2008b), the effects of the material and
thickness of the fin on the Nusselt and Sherwood numbers were also investigated. Two
physical parameters including heat conductance parameter and mass conductance
parameter were determined by the fin shape, thickness, conductivity and diffusivity of the
fin material. Nusselt and Sherwood numbers were obtained numerically for an MEE with
sinusoidal channels for various aspect ratios, and different values of heat and mass
conductance parameters as shown in Fig. 2.13. The results provided a fundamental
reference that can be used for the design of the MEE.
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Fig. 2.13 Effects of the material and thickness of the fin on the Nusselt and
Sherwood numbers for various values of the aspect ratio and heat/mass
conductance parameters (Zhang, 2008b).

The convective moisture transfer in the MEE could be analysed using the heat-mass
analogy proposed by Chilton and Colburn (Liu et al., 2017; Liu et al., 2016a). This
analogy permits the prediction of Sherwood number from Nusselt and Lewis (Le)
numbers. Chilton-Colburn analogy is defined by Eq. (2.1) (Liu et al., 2016a; Min and Su,
2010a; Min and Su, 2010b; Niu and Zhang, 2001; Min and Duan, 2016; Min et al., 2012).
𝑆ℎ = 𝑁𝑢 𝐿𝑒 −1/3

(2.1)

The value of Lewis number in the above analogy can be assumed as 0.85 (Min and
Su, 2010b; Min and Su, 2010a; Shen and Min, 2020; Min and Duan, 2016; Min et al.,
2012). The Chilton-Colburn analogy is valid in the laminar flow region for both the
developing thermal/concentration case and the fully developed thermal/concentration
case (Liu et al., 2017). Table 2.4 summarise several correlations and values that can be
used to determine Nusselt and Sherwood numbers for various types of MEEs.
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Table 2.4 Correlations and values of Nusselt and Sherwood numbers of the
MEEs with various structures and flow conditions
Module description and conditions

Nusselt number correlation/value

Sherwood number
correlation

Thermal developing laminar flow of 𝑁𝑢 = 𝑁𝑢𝐿𝑇 =
𝑆ℎ = 𝑁𝑢
1
1
parallel-plate exchangers with open 0.427(𝑓 𝑅𝑒)−3 (𝑥 ∗ )− 3 (Liu et al., 2013)
rectangular channel
2017)

(Zhang,

where
𝑥∗ =

𝑥
𝐷ℎ 𝑅𝑒𝑃𝑟
1

Thermal developed laminar flow of 𝑁𝑢 = 7.54 (Min and Su, 2010b;
parallel-plate exchangers with an Shen and Min, 2020; Min and
open rectangular channel and the Duan, 2016; Min et al., 2012)
aspect ratio above 100

𝑆ℎ = 𝑁𝑢 𝐿𝑒 − 3
(Min and Su,
2010a; Shen and
Min, 2020; Min
and Duan, 2016;
Min et al., 2012)

Thermal developed laminar flow of 𝑁𝑢 = 0.23 𝑅𝑒 0.55 𝑃𝑟 13 (Liu et al.,
parallel-plate
exchangers with 2016a)
rectangular channel filled with
corrugated metal grid

𝑆ℎ = 𝑁𝑢 𝐿𝑒 − 3
(Liu
et
al.,
2016a)

Thermal developed periodically 𝑁𝑢𝐻 = 0.192𝑅𝑒 0.599 𝑃𝑟 0.333
transitional/turbulent
flow
of (Zhang, 2005b)
parallel-plate exchangers with crosscorrugated triangular channel
𝑁𝑢𝑇 = 0.274𝑅𝑒 0.569 𝑃𝑟 0.333
(Zhang, 2005b)
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1

𝑆ℎ =
0.266𝑅𝑒 0.539 𝑆𝑐 0.333
(Zhang, 2005a)

2.4.2 Moisture transfer mechanism in dense and porous membranes
As aforementioned, the membranes can be classified into dense and porous
membranes based on the membrane structure. In this section, the moisture transfer
mechanism of each type is thoroughly discussed.
2.4.2.1 Dense membrane
Moisture diffusion through the dense membrane obeys Fick’s law and the actual
structure of the membrane basically does not affect the diffusion (Nagy, 2012). In general,
the solution-diffusion mechanism is an acceptable model for moisture transport through
dense membranes (Engarnevis et al., 2018; Nagy, 2012). The transport process of water
vapour through the dense membrane is shown in Fig. 2.8a). The water vapour molecules
are first absorbed by the surface exposed to the humid air. The difference in the
concentration between the membrane surfaces would drive the diffusion through the
membrane matrix. Water is then desorbed at the membrane surface exposed to the less
humid air (Liu et al., 2017; Liu et al., 2016a).
In the solution-diffusion mechanism, the permeability (Pe) of the membrane can
quantify the ability of the membrane to transfer the moisture. Permeability is a function
of the solubility and the diffusivity of the membrane material. It can be measured directly
using various methods (McCullough et al., 2003) or determined by Eq. (2.2) (Nagy,
2012). Based on Fack’s law, the moisture flux through the dense membrane can be
calculated using Eq. (2.3) (Min and Su, 2010b), in which the moisture uptake on the
membrane surfaces (Øl and Øh) can be determined using the Langmuir equation as shown
in Eq. (2.4).
𝑃𝑒 = 𝑆 × 𝐷

(2.2)

𝐷 (∅ −∅ )

𝐽𝑣 = − 𝛿 (𝑤ℎ−𝑤𝑙 ) (𝑤ℎ − 𝑤𝑙 )
ℎ

(2.3)

𝑙

𝑤

𝑚𝑎𝑥
𝜙 = 1−𝐶+𝐶
⁄𝑅𝐻

(2.4)
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where S is the solubility coefficient, D is the diffusivity coefficient, J is the moisture flux
through the membrane, w, is the absolute humidity, δ is the membrane thickness, wmax is
the moisture uptake on the membrane surface at relative humidity (RH) of 100%, C is the
membrane coefficient which can be estimated from the slope of the sorption curve.
The moisture transfer through the dense membrane has been widely investigated (Min
and Su, 2010b; Min and Su, 2010a; Min and Su, 2011). Liu and Zhang (Niu and Zhang,
2001) reported that the moisture diffusion resistance (MDR) of the dense membranes can
be affected by the conditions of the air and the membrane materials. To summarise all
these effects, a new dimensionless parameter called “the coefficient of mass diffusive
resistance (CMDR)” was derived and it was obtained using Eq. (2.5). This parameter is
the reciprocal of the solubility coefficient as reported in (Nagy, 2012). The moisture
diffusion resistance is expressed in Eq. (2.6) (Niu and Zhang, 2001) which can be used to
predict the moisture diffusion resistance over a wide range of outdoor conditions in
particular for the hot climate (cooling mode). However, it has limitations under the cold
climate. Liu et al. (Liu et al., 2016a) followed the similar procedure of Liu and Zhang
(Niu and Zhang, 2001) and derived another expression of the MDR for the cold climate
(-35- 10 ̊ C), as shown in Eq. (2.7). It was reported that the minimum MDR was obtained
by applying the optimum membrane constant which was varied with the indoor and
outdoor humidities.
𝜓=

106 (1−𝐶+𝐶/𝑅𝐻)2 𝑅𝐻 2

(2.5)

𝑒 (5294/𝑇) 𝑤𝑚𝑎𝑥 𝐶
𝛿

𝑀𝐷𝑅 = 𝐷

𝑤𝑣

𝛿

𝑀𝐷𝑅 = 𝐷

𝜓

(2.6)
106

(5419/𝑇) 𝑤
𝑤𝑣 6.462𝑒
𝑚𝑎𝑥 𝐶

𝑅𝐻𝑙 −𝑅𝐻ℎ
1
1
−
(1−𝐶+𝐶/𝑅𝐻𝑙 ) (1−𝐶+𝐶/𝑅𝐻ℎ )

where ψ is the coefficient of mass diffusive resistance
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(2.7)

The optimum value of the membrane constant under certain conditions can be
obtained from Eq. (2.8) (Liu et al., 2016a). Calculating this value can be useful for
membrane selection when the climate conditions are known.
𝐶𝑜𝑝𝑡 =

𝑅𝐻𝑙 ×𝑅𝐻ℎ
(1−𝑅𝐻𝑙 )(1−𝑅𝐻ℎ )

(2.8)

2.4.2.2 Porous membrane
As aforementioned, the porous membranes have pore sizes larger than the dense
membranes. The water vapour permeates directly through the pores from one membrane
side to the other side driving by the vapour pressure gradient as shown in Fig. 2.8b).
However, the moisture transport models vary based on the pore geometry and pore size
of the membrane.
The transport mechanism of the water vapour can be identified through the Knudsen
number (Kn), which is the ratio of the mean free path of the water vapour (λv) to the
membrane pore size. The free path of the water vapour can be determined by Eq. (2.9)
(Alkhudhiri et al., 2012).
𝜆𝑣 =

𝑘𝐵 𝑇

(2.9)

√2 𝜋 𝑃𝑚 𝑑𝑣2

where dv is the diameter of the water vapour molecule, and it is 2.64×10-10 m (Alkhudhiri
et al., 2012), kb, Pm and T are Boltzman constant, the average pressure of the air within
the membrane pore and absolute temperature, respectively.
Basically, the diffusion of the water vapour through the porous membrane involves
two processes, namely the interaction between the transported water vapour molecules of
the transported gases and the collisions between the transported water vapour molecules
with the pore walls. Based on the Knudsen number, four following theoretical
mechanisms can be used to describe moisture transport through the porous membranes
(Nagy, 2012; Ding et al., 2003).
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1.

Poiseuille flow, in which the moist air transports through the membrane as
continuous fluid driven by the total pressure difference when the pore size is much
larger than the mean free path of water vapour (i.e. Kn < 0.01) and the effect of
the molecules-molecules interactions dominates the effect of the molecules-pore
walls collisions. In this case, all the moist air components could pass through the
membrane and no separation would happen.

2. Molecular diffusion, in which the pore size is much larger than the mean free path
of water vapour (i.e. Kn < 0.01) and the effect of the molecules-molecules
interactions dominates the effect of the molecules-pore walls collisions. In this
case, the components of the moist air move relative to each other driven by the
concentration differences.
3. Knudsen diffusion, in which the effect of the molecules-molecules interactions
could be ignored as compared to the effect of the molecules-pore walls collisions
due to the pore size is much less than the free path of the water vapour (i.e. Kn >
10).
4. Molecular sieving diffusion, which takes place when the pore size is nearly equal
to the diameter of the water vapour molecule. In this case, the larger molecules do
not pass through the membrane.
In most practical cases of the air conditioning applications integrated with porous
membranes, the Knudsen number is higher than 10. However, the moisture transport
through the membrane is considered to be a combination of the Knudsen and molecular
diffusion (Zhang, 2013). Fig. 2.14 presents the typical moisture transport mechanisms
through the porous membranes. The expressions of the moisture diffusivities and the
moisture fluxes of the five possible transport mechanisms are summarised in Table 2.5.
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Fig. 2.14 Schematic of moisture transport mechanisms through porous
membranes a) Poiseuille flow; b) molecular diffusion; c) Knudsen diffusion; d)
molecular sieving diffusion and e) combination of Knudsen and molecular
diffusion.
Table 2.5 Expressions of the moisture diffusivity and moisture flux for the
transport mechanism through porous membranes
Correlation

expression

Porous media structure

Poiseuille
flow

𝐷𝑚𝑒𝑚,𝑃 = 32𝜇 𝜏 (Nagy, 2012)

Molecular
diffusion

𝐷𝑚𝑒𝑚,𝑑 =

2
𝑑𝑝
𝜖

2
𝑑𝑝
𝜖 𝑃𝑣 𝑑𝑃

𝐽𝑣.𝑃 = − 32𝜇 𝜏

(Nagy,

𝑅𝑇 𝑑𝛿

2012)
3.2×10−4 𝑇 1.75 𝜖
1/3
1/3
𝑃𝑚 (𝜈𝑣 +𝜈𝑎 )

𝜏

1

1

√𝑀 + 𝑀
𝑣

𝑎

𝑃𝑎 𝐽𝑣,𝑑 −𝑃𝑣 𝐽𝑎

(Min and

=−

𝑃𝑚 𝐷𝑚𝑒𝑚,𝑑

𝑀𝑣

𝑑𝑃𝑣

𝑅𝑇𝜏

𝑑𝛿

(Min

and Hu, 2011)

Hu, 2011; Zhang, 2006b)
where νv and νa are the molecular diffusion
volume of water vapour and air respectively and
Mv and Ma are the molar mass of water vapour
and air respectively.
Knudsen
diffusion

𝐷𝑚𝑒𝑚,𝐾 =
2012)

Molecular
sieving
diffusion

𝑑𝑝 𝜖
3 𝜏

8𝑅𝑇

√𝜋𝑀

𝑤𝑣

𝐷

𝑑𝑃

𝑚𝑒𝑚 ,𝐾
𝑣
(Qu et al.,
(Qu et al., 2018; Nagy, 𝐽𝑣,𝐾 = − 𝑅𝑇
𝑑𝛿
2018; Nagy, 2012)

𝐸𝑐

𝐷

𝜖 𝑑𝑃

𝑚𝑒𝑚,𝑚𝑠
𝑣
𝑣
8𝑅𝑇
(Qu et
𝐷𝑚𝑒𝑚,𝑚𝑠 = 𝑑𝑝 𝜌𝑣 √𝜋𝑀 𝑒 −(𝑅𝑇) (Qu et al., 2018; 𝐽𝑣,𝑚𝑠 = − 𝑅𝑇
𝜏 𝑑𝛿
𝑣
al., 2018; Nagy, 2012)
Nagy, 2012)

where Ecv is the activation energy of diffusion
and ρv is the density of the water vapour.
Knudsen + 𝐷𝑚𝑒𝑚,𝑒𝑓𝑓 = ( 1 + 1 )−1 (Qu et al., 2018; 𝐽
𝑣,𝑒𝑓𝑓 = −
𝐷𝑚𝑒𝑚,𝐾
𝐷𝑚𝑒𝑚,𝑑
Molecular
al., 2018)
Zhang, 2013)
diffusion

42

𝐷𝑚𝑒𝑚,𝑒𝑓𝑓 𝑑𝑃𝑣
𝑅𝑇

𝑑𝛿

(Qu et

2.5 Heat and moisture transfer improvement in MEEs
There are several techniques that can be used to improve the heat and moisture transfer
performance of MEEs. These techniques include the fabrication of novel membranes,
development of new flow configurations, novel channel design and using spacers/grid in
MEEs. In this section, those techniques are presented and discussed to achieve a better
understanding of how they can improve the performance of the MEEs.
2.5.1 Fabrication of novel membranes
The process mainly aims to fabricate polymeric membranes with new properties or
improve the existing ones.
2.5.1.1 Co-polymer membranes
Co-polymer membranes typically consist of two or more polymeric materials mixed
together. It can be fabricated by loading an amorphous polymer (soft segment) into
crystalline or semi-crystalline polymer (hard segment) (Wang et al., 2015). As mentioned
earlier, sufficient water vapour permeability can be achieved by increasing the membrane
porosity but that could reduce the strength of the membrane. Co-polymer membranes
could offer excellent mechanical, thermal and chemical properties attributed to the hard
segments, and high water vapour permeability because the water vapour can easily
transport through the soft segment (Lomax, 2007). Metz et al. (Metz et al., 2005)
measured the water vapour permeability and selectivity of PEO-PBT co-polymer
membrane which consisted of soft segment of 56% poly(ethylene oxide) (PEO) and hard
segment of 44% poly(butylene terephthalate) (PBT). The result showed high water
vapour permeability (2.864×10-11 mol/m.s.Pa) and H2O/ N2 selectivity (40,500) as
compared to the permeability and selectivity of other polymeric membranes presented in
Fig. 2.5. The high water vapour permeability is attributed to the hydrophilic nature of the
PEO blocks which attract the water vapour (Metz et al., 2005). The studies from (Lomax,
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2007; Reijerkerk et al., 2011) reported another PEO-based co-polymer membrane that
can be potentially used in MEEs due to high water vapour permeability and H2O/N2
selectivity. These membranes including polyether-polyurethane (PEO-PU) (Lomax,
2007) and poly(ethylene oxide)-ran-poly(propylene oxide)-tetra amide (PEO-ran-PPOT6T6T) (Reijerkerk et al., 2011).
PEO-based membranes are used commercially in MEEs. For instance, the polyether
block amides (PEBA) co-polymer, commercially known as PEBAX®, is available with
various grades such as PEBAX®1074 and PEBAX®1657. The PEBAX® co-polymers are
increasingly used for large-scale membranes fabrication due to they could be prepared
using the alcohol mixtures with water which is environmentally friendly and has a low
cost (Wang et al., 2015). Among all the membranes of the PEBAX® family,
PEBAX®1074 showed the highest water vapour transmission rate (Nguyen et al., 2001).
PEBAX®1074 co-polymer membrane consisted of 55% PEO as a soft segment and 45%
PA-12 (nylon-12) as a hard segment (Bondar et al., 1999). Sijbesma et al. (Sijbesma et
al., 2008) reported that the PEBAX®1074 co-polymer membrane can offer the water
vapour permeability of 6.7×10-11±6.7×10-12 mol/m.s.Pa and H2O/N2 selectivity of
102,564. Those values are more than 200% of the corresponding values of PEO-PBT copolymer membrane reported in (Metz et al., 2005). Another commercial type of copolymer membrane used in MEEs is Nafion™ (Rivin et al., 2001). It is a co-polymer of
tetrafluoroethylene and sulfonyl fluoride vinyl ether (Morris and Sun, 1993). There are
various types of Nafion™ membranes based on membrane thickness (Rivin et al., 2001).
The types that were used as the transfer surfaces in the MEEs are Nafion™ 117 (178µm)
(Sabek et al., 2016a), Nafion™ 115 (127µm) (Baldinelli et al., 2019) and Nafion™ 112
(51µm) (Yu et al., 2011). Unfortunately, those studies did not provide information about
water vapour transport properties through the membranes. However, Nafion™ membranes
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can offer reasonable sorption and diffusivity of water vapour due to the presence of the
hydrophilic ionic groups of ̶ SO3 H (Morris and Sun, 1993; Rivin et al., 2001).
2.5.1.2 Asymmetric composite membranes
The asymmetric composite membrane can be typically fabricated by coating a thin
organic or inorganic layer on one side of a polymeric microporous substrate as shown in
Fig. 2.15 (Zhang et al., 2008b).

Fig. 2.15 Construction of the asymmetric composite membrane (Zhang et al.,
2008b).
The coated layer provides a selective layer for the water vapour over the other gases,
while the mechanical strength of the membrane is provided by the polymeric substrate
(Engarnevis et al., 2018). Both layers are responsible for the water vapour transport
through the resultant membrane. The current commercial MEEs are mostly used
asymmetric composite membranes as the transfer surfaces (Engarnevis et al., 2018;
Huizing, 2018; Huizing, 2016; Huizing, 2020). These membranes can offer high water
vapour permeability and high selectivity of the water vapour over the other unwanted
permeants (Huizing et al., 2015). Hydrophilic materials are usually chosen for the coated
material since they can attract water vapour and thus more water vapour would transport
through the membrane. Therefore, materials that have a high number of hydrophilic
terminal groups such as

̶ OH, ̶ SO3 H, ̶ COOH and ̶ NH2 can be the appropriate

candidates as coating materials (Zhang et al., 2008b). Various polymeric materials can
be used as a substrate for this type of membranes. The coating process can be achieved
using different methods such as casting, phase inversion and electro-spun. The casting
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method with a knife to control the thickness is the widely reported method. Table 2.6
summarises the specifications of the asymmetric composite membranes used in MEEs.
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Table 2.6 Summary of the specifications of the asymmetric composite membranes used in MEEs
Substrate material

Coated material

Coating
method

PES

PVA/LiCl a

Casting by
knife

Porous CA

Dense CA

Casting by
knife

PVDF

Poly (vinyl
alcohol (PVAL)

Casting by
knife

PE

PEO-PU

Mayer rod
coating

Substrate
thickness
(µm)

Coated layer
thickness
(µm)

100

150 (Zhang et al., 2011)
and 100 (Li et al., 2015)
100

7

Dense polymer

Mayer rod
coating

PP

CA

casting by
dosing rod

SPEEK

Ref.

8 ×10-6

53.3

(Zhang et al.,
2008b) (Zhang et
al., 2010)

3.77 ×10-6

-

(Zhang et al., 2011)
(Li et al., 2015)

6.77 ×10-7 b

-

(Zhang, 2007b)

3.35 ×10-10 c
(Engarnevis et
al., 2020)

-

(Engarnevis et al.,
2017), (Engarnevis
et al., 2020)

-

3.82 ×10-10

-

(Engarnevis et al.,
2018)

-

1.85 ×10-10 c

-

(Engarnevis et al.,
2017), (Engarnevis
et al., 2020)

0.823 ± 0.13

-

6.7 ×10-11 d

65

(Engarnevis, 2018)

2.63 ± 0.35

-

3.35 ×10-11 d

70.5

1-3
35-50

25 ± 1

Water
contact
angle

(m2/s)

Water vapour
permeability
(mol/m s Pa)

2 ×10-6 ± 3
×10-7
(Engarnevis
et al., 2017)

105 - 115

100 - 120
PP

Moisture
diffusivity
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PVDF

PEO-PU

2.52 ± 0.33

-

1.17 ×10-11 d

63

PEBAX®1074

1.85 ± 0.26

-

6.7 ×10-12 d

76.3

3.9

32.5 ×10-9 ±
1.1 ×10-9

-

13.9

PVA/LiCl

6.2

37 ×10-9 ±
0.7 ×10-9

-

24.5

PAM

4.6

30 ×10-9 ±
1.5 ×10-9

-

32.5

Na(Alg)

4.1

23.9 ×10-9 ±
1.1 ×10-9

-

37.1

CS

4.9

17.30 ×10-9 ±
0.7 ×10-9

-

42.8

PVA

6.1

13.2 ×10-9 ±
0.6 ×10-9

-

53.7

CA

5.7

10.6 ×10-9 ±
0.4 ×10-9

-

62.8

EC

7.1

3.7 ×10-9 ±
0.2 ×10-9

-

82.1

PP

2.6

3.9 ×10-9 ±
0.2 ×10-9

-

89.5

PDMS

2.9

4.2 ×10-9 ±
0.2 ×10-9

-

110

PVP

Casting
machine

150
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(Zhang et al., 2012)

Polyester nonwoven

PAN
nanofibrous
impregnated by
PEO-PU a

Electrospun
followed by
dip coating

Porous layer of
PVDF /PEG/PVP

PVA

Flow
coating

Porous layer of
PVDF /PEG/PVP

Skin layer of
PVDF
/PEG/PVP

Casting by
knife

127

2.02 ± 0.39

300
73

2.1

a

-

2.46 ×10-11 ±
2.1 ×10-12

35

(Huizing et al.,
2014)

3.7 ×10-6

-

-

(Zhang, 2010a)

1.23 ×10-5

-

-

(Zhang, 2009a)

The coated layer was applied with various concentrations, however, the listed membrane is the one with the highest diffusivity/permeability.
Estimated.
c
Estimated based on the average values of water vapour permeance and thickness.
d
Estimated value based on the temperature of 30 ᵒC and RH of 70%.
b
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2.5.1.3 Mixed matrix membranes
Mixed matrix membranes (MMMs) are composite membranes that are composed of
continuous polymeric matrix filled with inorganic particles for micro or nano-scale as
shown in Fig. 2.16 (Muthukumaraswamy Rangaraj et al., 2020).

Fig. 2.16 Construction of the mixed matrix membrane (Muthukumaraswamy
Rangaraj et al., 2020).
The mixed structure of the MMM can rectify the trade-off between the permeability
and selectivity of the polymeric membranes (Robeson, 2008). The metal oxide particles
are the most common inorganic additive in the polymeric matrices (Muthukumaraswamy
Rangaraj et al., 2020). Several MMMs have been fabricated and examined for the water
vapour transport in the MEEs. Various techniques can be used to fabricate the MMMs
such as phase inversion, electro-spinning, trach etching and stretching (Esfahani et al.,
2019). However, only the phase inversion method was reported to synthesis the MMMs
used for MEEs (Zhou et al., 2008; Liu et al., 2013; Akhtar et al., 2017). The main step of
this method is the preparation of the casting solution, which can be prepared using one of
the two approaches as shown in Fig. 2.17.
Generally, both the matrix and additives are selective to the water vapour. However,
the selectivity of the inorganic additives is much higher than that of the polymeric matrix
which can significantly improve the water vapour permeability and H2O/N2 selectivity of
the composite membrane (Qu et al., 2018). Zhou et al. (Zhou et al., 2008) investigated
the water vapour permeation properties of an MMM which consisted of a polyurethane
matrix filled with nanoparticles of silica with various portions. The results showed that a
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proper balance between the matrix and the filler is required to improve the water vapour
permeability of the MMM as compared to the native polyurethane membrane. Liu et al.
(Liu et al., 2013) examined the membrane properties and the performance of an MEE
with the transfer surface of PVC/montmorillonite MMM. The composite membrane was
fabricated with various loading ratios of the montmorillonite. The thermal stability and
water vapour transport showed good improvements for the membrane with a high content
of the montmorillonite when compared to the original PVC membrane. Consequently, the
SHTE and LHTE of the MEE improved by using the composite membranes as compared
to the original membranes. However, the LHTE and THTE of the MEE with the PVC/
montmorillonite MMM were much lower than the corresponding values of a commercial
MEE. On the other hand, the chemical/physical form of the inorganic fillers can also
influence the performance of the membrane. For instance, Akhtar et al. (Akhtar et al.,
2017) determined the water vapour permeability and H2O/N2 selectivity of the original
polybenzimidazole (PBI) membrane and ten polybenzimidazole based MMMs. The
fillers of the composite membranes included TiO2 nanoparticles with four loading ratios,
carboxylated TiO2 (c TiO2) nanoparticles with three loading ratios and TiO2 nanotubes
with three loading ratios. The measured selectivity and permeability of the original
membrane were 1.42×106 and 1.4×10-11 mol/m s Pa, respectively. The results also showed
that the membrane containing 0.5 wt% of TiO2 nanotubes possessed the highest H2O/N2
selectivity of 3.9×106, while the highest permeability (2.38×10-11 mol/m s Pa) was offered
by the membrane containing 1 wt% of cTiO2 nanoparticles.
Zeolite membranes can be used in gas separation applications because they are
chemically/thermally stable and have uniform structures with molecule-sized pores (Qu
et al., 2018). However, achieving pure Zeolite membranes is difficult as they are not selfsupported materials (Qu et al., 2018). Therefore, the Zeolites are either grown on other
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support materials or added as the fillers to the polymeric matrices. Wang et al. (Wang et
al., 2016) examined the possibility of developing high performance membranes for MEEs
by fabrication PVA/Zeolite MMMs. Three Zeolites with different pore sizes were added
to the PVA matrix in various loading ratios. The results showed that composite
membranes with 25-40 wt% of the 3A and 4A Zeolite can be potentially used as the
transfer surfaces in MEEs.

a) The polymer and the inorganic fillers dissolved together

b) The polymer and the inorganic fillers dissolved separately
Fig. 2.17 Preparation of the casting solution of MMMs (Aroon et al., 2010).
2.5.1.4 Composite supported-liquid membranes
Composite supported-liquid membranes (CSLMs) consist of hygroscopic liquid
immobilised in a hydrophilic porous polymeric membrane to form the support layer. The
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support layer is placed on highly hydrophobic polymeric membranes to form the
protective layer which prevents the liquid to transfer to the other side. (Ito, 2000). The
hygroscopic liquid such as LiCl, PEG400, TEG and ionic liquids, can be introduced into
the hydrophilic membrane by either the vacuum setting or direct immersion (Qu et al.,
2018). Typically, the liquid membranes yield higher permeability and water vapour
selectivity as compared to the solid membranes (Zhang, 2006b). CSLMs have been
widely investigated for gas separation applications (Krull et al., 2008). However, a few
studies were also used such membranes for dehumidification and humidification
applications (Ito, 2000; Li and Ito, 2008; Kudasheva et al., 2016; Scovazzo, 2010). To
develop an applicable CSLM for energy recovery applications, Zhang (Zhang, 2006b)
fabricated a novel CSLM with two protective layers on both sides of the support layer as
shown in Fig. 2.18.

Fig. 2.18 Construction of the composite supported liquid membrane (Zhang,
2006b).
The support layer composited of LiCl as hygroscopic liquid immobilised inside the
pores of hydrophilic porous cellulose acetate (CA) membrane with a thickness of 50-70
µm and pore size of 0.22 µm. The support layer was sandwiched between two protective
layers of the hydrophobic PVDF membranes with a thickness of 45 µm and pore size of
0.15 µm for each. The performance of this membrane in MEE applications was evaluated
in several studies (Zhang, 2006b; Zhang and Xiao, 2008; Zhang et al., 2008a; Zhang,
2006c). The results showed that the moisture transfer resistance of the new membrane
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was still considerable. However, the moisture flux through the new membrane (1.14×104

kg/m2.s) was about two times higher than that of the original CA membrane. Despite

that CSLMs can facilitate high performance of the MEEs, no commercial type of the
CSLM is available due to the limitation of the membrane stability (Lozano et al., 2011).
Therefore, more research efforts are needed to understand the fundamental roles of
CSLMs and develop stable CSLMs.
2.5.2 Development of new flow configurations
The flow configuration is the direction of the flow in one channel relative to the flow
direction in its adjacent channel. It is considered a crucial design parameter that affects
the performance of MEEs (Al-Waked et al., 2018). The basic MEE can be designed with
co-counter, counter or cross flow configuration. It is proven that the counter flow
configuration outperformed the other configurations (Zhang et al., 2010; Yang et al.,
2014; Huang et al., 2014a; Vali et al., 2015). However, developing counter flow MEE is
practically challenging as the inlets and outlets of the neighbouring channels are
overlapped on the same side and the sealing of the channels is rather difficult (Huang et
al., 2014a; Vali et al., 2015; Yang et al., 2014). As a result, developing a hybrid flow
configuration (i.e. mixed-flow configuration) is essential to mitigating the manufacturing
issues of the pure counter flow configuration and maintaining the performance as high as
possible (Al-Waked et al., 2018). The mixed-flow configuration can be achieved by
combining two or more basic flow configurations. Typically, the quasi-counter flow and
side in-side out flow configurations are the most common forms of the mixed-flow
configuration.
2.5.2.1 Quasi-counter flow configuration
The quasi-counter flow configuration for the MEE was first proposed by Zhang
(Zhang, 2010b). It consisted of the hexagonal channels separated by hexagonal
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membranes as shown in Fig. 2.19. It was reported that the SHTE and LHTE of the quasicounter flow arrangement are between the corresponding values of the counter flow and
cross flow arrangements. The results also highlighted that the flow structure consisted of
two cross flow regions near the inlets and outlets and the counter flow in the middle. The
larger counter flow zone is, the fewer cross flow zones are and thus, the higher thermal
performance is.

Fig. 2.19 Quasi-counter flow configuration of the MEE a) front view and; b)
geometry (Zhang, 2010b).
Alonso et al. (Justo Alonso et al., 2017) presented an experimental investigation to
evaluate the performance of different membrane materials of a quasi-counter flow MEE
in terms of heat and moisture recovery and frost formation. It was found that the issues
of condensation and freezing occurred when using non-permeable materials. However,
such issues could not be observed when the permeable membrane was used under the
same test conditions. Moreover, the streamlines inside the quasi-counter flow were
visualised experimentally using the smoke pen. The flow structure as shown in Fig. 2.20
agreed well with the flow structure concluded by Zhang (Zhang, 2010b).
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Fig. 2.20 Experimental visualisation of the streamlines inside the quasi-counter
flow MEE (Justo Alonso et al., 2017).
The effect of the flow direction relative to the inlet ports of the quasi-counter flow
MEE was investigated numerically by Al-Waked et al. (Al-Waked et al., 2013; Al-Waked
et al., 2015). It was found that the highest performance can be achieved when the flow
direction was perpendicular to the inlet port.
The Computational Fluid Dynamics (CFD) is usually used for modelling the quasicounter flow MEE as the meshing tools of the CFD can easily discretise the complex
shape of the exchanger (Zhang, 2010b; Al-Waked et al., 2013; Al-Waked et al., 2015; AlWaked et al., 2018). However, the process might be a time and cost consumer. Therefore,
developing a short-cut model would overcome this issue. Koester et al. (Koester et al.,
2017) developed a mathematical model to calculate the performance indicators of quasicounter flow MEE using the finite difference method. The model converted the complex
configuration of the quasi-counter flow into a combination of 2-D cross flow model and
1-D counter flow model as shown in Fig. 2.21. The model was less complex when
compared to the finite volume model and showed the ability to be implemented in
commercial simulation tools.
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Fig. 2.21 Schematics of a) quasi-counter flow structure and; b) simplified
modelling of the quasi-counter flow MEE (Koester et al., 2017).
Siegele (Siegele and Ochs, 2019) developed a simplified simulation model to predict
the performance of a quasi-counter flow MEE. The model was validated with
experimental data under a wide range of operating conditions. The model was able to
predict the performance under summer and winter conditions with good accuracy.
However, the model could not simulate the cases when the condensation occurred. The
results also showed that despite that the transfer area of the enthalpy exchanger was
smaller than that of the heat exchanger, the total transferred energy of the enthalpy
exchanger was higher than that of the heat exchanger. Armatis and Fronk (Armatis and
Fronk, 2017) evaluated the performance of a quasi-counter flow MEE with two types of
internal supports (i.e. strip-fin and pin-fin). A 1D model was developed to determine the
SHTE and LHTE and the pressure drop. The model was validated with the experimental
results reported by Zhang (Zhang, 2010b). It was found that the quasi-counter MEE with
a pin-fin structure performed better than that with the strip-fin structure.
Liu et al. (Liu et al., 2016a) developed a test setup to study the performance of a quasicounter flow MEE under low temperature conditions. The study also provided an
analytical approach to estimating the SHTE and LHTE based on the number of transfer
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units of the cross flow and counter flow. The results showed that the analytical model was
able to predict the SHTE and LHTE precisely. It was also found that the outdoor
temperature did not affect both the SHTE and LHTE when the condensation did not occur.
2.5.2.2. Side in-side out flow configuration
The mixed-flow configuration could be also achieved by using side in-side out flow
configuration. This configuration has been extensively investigated for air-to-liquid
membrane enthalpy exchangers (Huang et al., 2015; Huang et al., 2014a; Vali et al., 2009;
Mahmud et al., 2010; Ge et al., 2013; Ghadiri Moghaddam et al., 2013; Yang et al., 2014;
Zhang et al., 2018; Vali et al., 2015; Abdel-Salam et al., 2015). The side in-side out flow
configuration was also adopted in MEEs and reported in several studies. Nasif et al. (Nasif
et al., 2013; Nasif et al., 2010) conducted comprehensive and detailed research to evaluate
the performance of a new mixed-flow configuration MEE. The flow structure was
designed with Z-shape as shown in Fig. 2.22.

Fig. 2.22 Z-shape hybrid flow configuration of the MEE (Nasif et al., 2010).

An experimental test setup, a simple mathematical model and a CFD model were used
to evaluate the thermal performance of a new MEE (Nasif et al., 2010; Nasif et al., 2013).
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Kraft paper in various grades was adopted as the transfer surface. The inside domain of
the exchanger was divided into the flow paths by the distributors. The largest heat and
moisture transfer occurred at the path positioned closest to the inlet of the neighbouring
air stream (Nasif et al., 2012). It was reported that the annual energy saving of the air
conditioning system could be increased by up to 8% via integrating the system with a Zshaped MEE (Nasif et al., 2010). The air conditioning-MEE integrated system was
evaluated under the Singapore weather conditions. The annual energy analysis showed
that for the constant inlet conditions the system can recover 15% more energy in
comparison to that for the variable inlet conditions (Nasif et al., 2013).
Al-Waked et al. (Al-Waked et al., 2018) carried out a numerical investigation to
evaluate the thermal performance of an MEE with various mixed-flow configurations
under turbulent flow conditions. The investigated configurations included quasi-counter,
L-shape and Z-shape flow. The results showed that both the quasi-counter and the Zshape configuration offered higher performance attributed to the low amount of the
circulation zones. However, the quasi-counter configuration might be the preferable
option among the other configurations.
2.5.2.3 Novel channel design
The channel design is another important geometrical parameter that can be critical for
MEE performance. The convective heat and moisture transfer resistances would account
for about 99.5% (Min and Su, 2010b) and 10-35% (Liu et al., 2016a) respectively from
the corresponding total transfer resistance. The convective resistance can be reduced
through the channel design which can enhance the performance of the MEE. For instance,
a new channel structure, i.e. cross- corrugated structure, was proposed and used in MEEs
(Zhang and Chen, 2011; Zhang, 2008a; Li et al., 2015). It was designed by combining a
cross flow configuration with a triangular corrugated channel as shown in Fig. 2.23. The
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structure can be fabricated by corrugating the membrane flat sheets to form a series of
triangular sub-channels. The corrugated membranes were then sealed together with a 90 ̊
orientation between the adjacent membranes. This structure offered improvement in the
effectiveness of the MEE due to the flow underwent contraction, expansion, and abrupt
turnaround (Zhang and Chen, 2011).

Fig. 2.23 Schematic of the triangular cross-corrugated MEE (Li et al., 2015).
Li et al. (Li et al., 2015) presented a numerical and experimental investigation of
unsteady conjugate heat and moisture transfer in a cross-corrugated MEE. The result
showed that the cross-corrugated structure increased the SHTE and LHTE by 20% and
40% respectively, as compared to the common structures of the parallel plate or plate-fin,
but the pressure drop was 4 times higher than the corresponding ones of the common
structures. Liu and Niu (Liu and Niu, 2015) examined the effect of the geometrical
parameters (i.e. apex angle and aspect ratio) on the thermo-hydraulic performance of the
cross-corrugated triangular channel under transient flow conditions. It was found that the
apex angle significantly affected both the heat transfer and pressure drop, while the aspect
ratio had a relatively higher effect on the pressure drop as compared to its impact on the
heat transfer.
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Recently, Jafarizave (Jafarizave et al., 2019) performed a numerical investigation to
evaluate the performance of an MEE with novel channel structures including crosscorrugated circular channel and cross-corrugated curvature channel. The thermal and
hydrodynamic performance of these novel structures were compared to the crosscorrugated triangular channel and the bare rectangular parallel plate channel. The results
showed that the circular structure improved the heat and moisture transfer rates, while the
curvature structure improved the pressure drop. Overall, it was found that the curvature
structure is preferable due to its high efficiency and relatively low pressure drop.
Channel height can also influence the convective heat and moisture transfer
resistance, which decreases with the decrease of the channel height, i.e. hydraulic
diameter (Min and Su, 2010a). The results from Liu et al. (Liu et al., 2016a) showed that
under the constant flow rate, the SHTE and LHTE of a quasi-counter flow MEE increased
when the channel was narrowed down. This is attributed to the increase in the flow
velocity by narrowing the channel and thus increases the convective heat/ moisture
transfer coefficients.
2.5.2.4 Using spacers/ grid in the flow channels
Using spacers/inserts inside the flow channels is another way to improve the
convective heat and moisture transfer by reducing the convective resistance of the
boundary layer. It is well known that the convective heat transfer resistance is limited by
the thickness of the boundary layer (Kistler and Cussler, 2002). The thickness of the
boundary layer can be reduced by either increasing the flow velocity or decreasing the
free path of the boundary layer (Fig. 2.24) (Koester et al., 2016a).
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Fig. 2.24 The effects of the flow velocity and the spacers on the thickness of the
boundary layer (Koester et al., 2016a).
The inserts inside the flow channel could serve as flow breakers. Considering the heat
and mass transfer analogy, the inserts could improve both the heat and moisture transfer.
The most common type of inserts inside the flow channels for the MEE is the spacers.
They are supporting structures placed inside the channels of the MEE to maintain the
shape of the channels. Unlike the fins which are connected to the original surface, the
spacers are not bonded to the membranes and therefore they do not increase the transfer
area. Several studies investigated the effects of spacers on the performance of the MEE
(Woods and Kozubal, 2013; Koester et al., 2016a; Koester et al., 2016b; Liu et al., 2016a;
Liu et al., 2017; Koester et al., 2017). Koester et al. (Koester et al., 2016b) investigated
the performance of an MEE with netting spacers (Fig. 25), which were placed between
the membranes. It was found that the moisture transfer resistance can be reduced by up
to 27%, which showed a high potential of using spacers in the energy exchanger
applications. The SHTE and LHTE improved by using the spacer shown in Fig. 2.25 with
a quasi-counter flow MEE and compared to that of an open channel MEE. However, the
pressure loss was higher for the module with the spacer (Koester et al., 2016a). The effect
of the spacer on the process efficiency was obvious when the membrane permeance was
higher than 10,000 GPU, while the impact of the spacer was not significant when the
membrane permeance is below 10,000 GPU. (Koester et al., 2017).
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Fig. 2.25 Schematic of the netting spacer used in (Koester et al., 2016b).
Woods and Kozubal (Woods and Kozubal, 2013) presented an experimental study to
evaluate the performance of an MEE with various corrugated support spacers including a
solid triangular and two porous sinusoidal as shown in Fig. 2.26. Their results showed
that using the triangular spacer which was made of a low conductivity material reduced
the heat and moisture transfer with a significant increase in the pressure drop through the
channel as compared to an open channel. However, using the porous sinusoidal spacers
offered a good improvement in both the SHTE and LHTE with a moderate pressure drop
compared to an open channel.
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Fig. 2.26 Schematics of the spacers investigated in (Woods and Kozubal, 2013).
Another idea to improve the convective heat and moisture transfer was to use the
obstacles to partially block the channel of the MEE (Sabek et al., 2016a; Armatis and
Fronk, 2017; Sabek et al., 2016b; Sabek et al., 2018; Sylvester et al., 2020; Ghaedamini
et al., 2020). The obstacles were used to promote the mixing and increase the residence
time of the flow inside the exchanger (Sabek et al., 2016a). The obstacles could be placed
in parallel or perpendicular to the membrane surface. Armatis and Fronk (Armatis and
Fronk, 2017) developed a model to evaluate the performance of a quasi-counter flow
MEE with two perpendicular internal support structures including strip-fin and pin-fin
structures. The convective heat and moisture transfer resistance were calculated for both
structures. It was found that the convective heat transfer resistance of the pin-fin structure
was lower than that of the strip-fin structure at the same hydraulic diameter. However,
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the pin-fin structure showed a higher pressure drop as compared to the strip-fin structure.
Sabek et al. (Sabek et al., 2016b) proposed a new channel design of an MEE by inserting
rectangular prism obstacles with various numbers and form ratios inside the channel with
the parallel direction of the membrane. It was found that reducing the number of obstacles
can increase the performance of the exchanger. In addition, increasing the form ratio
would result in significant effects on the temperature and humidity distributions. In
another study from the same group (Sabek et al., 2018), the effect of the cross-section
area of the obstacle on the performance of the MEE was investigated. The obstacles with
circular, rectangular and triangular sections were respectively investigated and it was
found that the circular obstacles outperformed the others. Recently, Sylvester et al.
(Sylvester et al., 2020) presented a numerical and experimental investigation for the
counter flow MEE with ribbed channels. The ribs were embossed on the membrane
surface with a 45 ̊ orientation angle. The results showed that this method can be efficiently
used to improve the performance of the MEE. The increments in the SHTE and LHTE
were much higher than the corresponding increment in the friction factor.
In summary, the performance of the MEEs can be improved by applying various
techniques such as the fabrication of novel membranes, development of new flow
configurations, novel channel design and using spacers/grids in MEEs. The performance
improvement can be achieved by either reducing the moisture diffusion resistance of the
membrane or increasing the convective heat/moisture transfer. However, more
investigations are needed to examine their performance benefits and associated costs.
2.6 Design optimisation of MEEs and effects of the operating conditions
2.6.1 Design optimisation of MEEs
Design optimisation of an engineering device is the process that aims to minimise or
maximise certain objective function(s) while maintaining similar or better performance
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(Rao et al., 2020). The objective function could be energy consumption, energy loss,
system efficiency, and economic cost. Usually, the design of an engineering device could
be influenced by a number of parameters. The concept of design optimisation has been
widely used to optimally design and size HVAC systems and heat exchangers (Yousefi
et al., 2013; Zarea et al., 2014; Guo et al., 2014; Guo et al., 2015; Hadidi, 2015; Ren et
al., 2019; Lin et al., 2020). However, unlike heat exchangers, the design optimisation of
MEEs has not been received wide attention, and only a limited number of studies have
been focusing on the design optimisation of MEEs. For instance, Zhong et al. (Zhong et
al., 2015) presented a study to optimise the performance of an MEE experimentally by
focusing on the flow distribution. They added an air deflector and spreader plates to the
cross flow MEE to optimise the air channels. The results showed that SHTE and THTE
increased by 17.4% and 7.8% respectively as compared to the original design. Several
studies performed a parametric analysis to optimise the performance of the MEE through
one or two geometrical parameters such as channel height (Liu et al., 2016a), membrane
thickness and channel height (Yaïci et al., 2013; Min and Su, 2010a), and membrane
properties (Min and Su, 2010b). The results showed that at the fixed flow rate, the
performance of the MEE increased as the channel height decreased. However, the
pressure drop along the channel and consumed power by fans increased as a result of the
decrease in the channel height. It was also found that reducing the membrane thickness
would result in increasing the performance of the MEE. However, the deflection
resistance of the membrane, which is proportional to the membrane thickness, should be
taken into consideration.
The design optimisation of the whole MEE has been addressed in a single peer-reviewed
publication. Zhang (Zhang, 2016) proposed a strategy for the design optimisation of an
MEE under uncertain operating conditions. The optimal values of eight geometrical and
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operating parameters were obtained based on three objective functions, i.e. SHTE, LHTE
and economic return. A genetic algorithm was implemented to solve the optimisation
problem via a single-loop deterministic approach. The proposed optimisation strategy
was able to solve the non-linear optimisation problem and overcome the uncertainties due
to the variations in the operating conditions.
2.6.2 Effects of the operating conditions
The energy recovery technologies can be used in various climate zones and weather
conditions under a wide range of outdoor humidity and temperature conditions
(Engarnevis et al., 2018). It was reported that the outdoor humidity influenced the LHTE
significantly but did not influence the SHTE (Niu and Zhang, 2001). On the other hand,
it was proven that the flow rate has a significant effect on the thermal and hydrodynamic
performance of the MEE (Engarnevis et al., 2018; Liu et al., 2016a; Al-Waked et al.,
2018; Al-Waked et al., 2013). This can be attributed to the effect of the flow rate on the
convective heat and moisture transfer and the friction factor.
Heat and moisture can transfer in the MEE through two different scenarios. For the
cooling operating mode under humid summer conditions, both the heat and moisture
would be transferred from the supply air stream to the exhaust air stream (i.e. same
direction), while for the same operating mode under dry summer conditions the heat still
transfers from the supply air stream to the exhaust air stream but the moisture would
transfer from the exhaust air stream to the supply air stream (i.e. opposite direction).
Similar cases occur for the heating operating mode under humid or dry winter conditions.
The above phenomena were investigated thoroughly by Min and Duan (Min and Duan,
2015). Their results showed that the LHTE was a complicated function of the outdoor
humidity. The variation in the LHTE against the outdoor humidity exhibited a hyperbola
trend. Nasif and Al-Waked (Nasif and Al-Waked, 2014) reported that under the summer
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conditions, the energy consumed by an air conditioning system combined with an MEE
was about 6.5, 12.5 and 18.5 GJ for London, Tokyo and Miami, respectively, while the
annual reduction in the CO2 emission was about 250, 410 and 900 kg for London, Tokyo
and Miami, respectively.
To achieve a better understanding, several studies have been carried out mainly to
explore the effects of various operating conditions on the main performance indicators of
the MEE. Those effects are summarised in Table 2.7, and the following findings can be
observed.
•

Increasing the flow rate would affect all the performance indicators negatively
regardless of the flow configuration, membrane type and operating mode used.
Although increasing the flow rate would increase the convective heat and
moisture transfer coefficients, the residence time of the flow inside the exchanger
is decreased.

•

Increasing the outdoor temperature has various effects on the performance of the
MEEs and depends on the flow configuration, membrane type and operating mode
used. For instance, it has limited impacts on the SHTE and LHTE for the cross
flow MEE with composite membranes under both heating and cooling modes,
while the THTE first decreased and then showed limited changes with the increase
in the outdoor temperature for the cross flow MEE with dense and composite
membranes.

•

Increasing the outdoor humidity showed significant effects on the performance
indicators especially on the LHTE and THTE. For instance, the LHTE and THTE
of the quasi-counter flow MEE with composite membranes decreased when the
outdoor humidity increased under both the heating and cooling modes.
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With the development of sensing and IoT technologies, sophisticated control
strategies can be developed to systematically optimize the operating performance of
HVAC systems integrated with MEE devices to achieve reduced energy consumption
while providing satisfying indoor thermal comfort.
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Table 2.7 Effects of the operating conditions on the performance of MEEs
Flow
configuration

Membrane
type

Methodology

Operating
mode

m ↑, Tout © and wout ©

m ©, Tout ↑ and wout ©

m ©, Tout © and wout ↑

SHTE LHTE THTE SHTE LHTE THTE SHTE
Cross

Dense

Counter

Cross

-

Composite

LHTE THTE

Cooling

-

-

-

↔

↓

↓- ↔

↔

↑

↓- ↔

Heating

-

-

-

©

↓

↓

©

↑

↑

Cooling

↓

↓

-

↑

↑

-

↔ -↑

↔ -↑

-

Heating

↓

↓

-

↓- ↔

↓- ↔

-

↑- ©

↑- ©

-

Numerical + Cooling
Experimental
Heating

↓

↓

-

↔

↔

↓- ↔

↔

↑

↓- ↔

↓

↓

-

↔

↔

↓- ↑

↔

↑

↑

Numerical

Numerical

Ref.

(Min and Su,
2011)
(Yaïci et al.,
2013)
(Engarnevis
et al., 2018)

Quasi-counter

Porous

Experimental
+ Analytical

Heating

↓

↓

-

↑

↔ -↑

-

-

-

-

(Liu et al.,
2016a)

Quasi-counter

Composite

Experimental

Cooling

↓

↓

↓

↔

↓

↓

-

↓

↓

Heating

↓

↓

↓

↔

↓

↓

-

↓

↓

(Kassai and
Al-Hyari,
2019)

↑, ↓, ↔ and © refers to increase, decrease, slight change, and no change of the parameter value, respectively.
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2.7 Major findings
This chapter presented a comprehensive state-of-the-art review of air-to-air
membrane enthalpy exchangers (MEEs). Various aspects such as membrane properties,
membrane material, membrane module, heat/moisture transfer mechanisms, performance
improvements, design optimization and effects of operating conditions were discussed.
The main conclusions are as follows.
•

The membrane properties can be divided into important properties and less
important ones. The properties such as the moisture diffusivity and the elastic
modulus need to be determined carefully as the variations in those properties
showed significant effects on the membrane performance. The variation of the
less important properties such as thermal conductivity and tortuosity factor have
negligible effects on the performance.

•

Various semi-permeable materials can be potentially used to fabricate the
membranes for MEEs. However, practically only the paper and polymeric
membranes have been used as the transfer surface of the MEEs. Paper membranes
are high in surface hydrophilicity and low in cost and thermal/mechanical
properties. While the polymeric membranes offer high mechanical properties,
high permeability/selectivity of water vapour and low cost which make them a
preferable option for MEEs applications.

•

The MEEs can be found in the forms of hollow-fibres and parallel-plates.
However, the high pressure drop of the hollow-fibres module makes it less
attractive. The parallel-plates module is the main commercially existing MEEs.

•

The moisture transport mechanism through the membrane could vary based on
the membrane type and properties. Generally, the solution-diffusion mechanism
is the most acceptable theory to describe the moisture transport through the dense
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membrane, while the pore-flow mechanism governs the moisture transport
through the porous membrane in which the transport driving force is the
differential vapour pressure across the membrane. Based on the membrane pore
size, four models (i.e. Poiseuille flow, molecular diffusion, Knudsen diffusion,
and molecular sieving diffusion) can be used to analyse the transport through the
porous membrane.
•

To improve the performance of MEEs, various techniques can be employed
including fabricating novel membranes, proposing new flow configurations,
developing a new design of the flow channels, and using inserts inside the flow
channels.

• Various hybrid membranes were proposed and fabricated to improve the
permeability and water vapour selectivity. However, asymmetric composite
membranes are the most common hybrid membranes that have been used in the
MEEs.

• The counter flow configuration offered the highest performance. However, it is
difficult to build due to both the inlet and outlet ducts of the air streams being
located on the same side, which can make the sealing of those ducts more
complicated and challenging. Therefore, several mixed-flow configurations were
proposed and developed to overcome the limitation of the pure counter flow
configuration and achieve better performance between the counter flow and cross
flow configuration.

• The channel design and using inserts inside the flow channel of the MEEs can
increase the convective heat and moisture transfer coefficients and subsequently
improve the exchanger effectiveness of the MEEs.
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• The flow rate affected the thermal/hydrodynamic performance negatively,
regardless of the flow configuration, membrane type and operating mode. The
outdoor temperature and humidity showed different impacts on the performance
indicators due to the effects of the flow configuration, membrane type and
operating mode.
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Chapter 3 Air-to-air

membrane

enthalpy

exchangers:

Membrane characterisation, modification and performance
assessment
The literature review in Chapter 2 showed that the properties of the membrane can
significantly impact the performance of the air-to-air membrane enthalpy exchangers
(MEEs). It was found that membrane properties such as moisture diffusivity, modulus of
elasticity, surface hydrophilicity and porosity can be considered as the important
parameters for membrane selection of MEEs. However, these properties for the
membranes used in MEEs have not been studied sufficiently. Chapter 2 also demonstrated
that the porous polymeric membrane can offer high permeability and porosity with
sufficient mechanical properties, but their surfaces are almost low in hydrophilicity. This
chapter presents the measurement of the key properties of five porous polymeric
membranes commonly used in MEEs. A surface modification method was further used
to improve the properties of the membranes. Lastly, the performance of the uncoated and
coated membranes was assessed using a laboratory-scale test setup.
This chapter is structured as follows. An overview of the membrane surface
modification techniques is presented in Section 3.1. Section 3.2 introduces the research
method used in this chapter. Section 3.3 presents the results of the membrane properties
before surface modification. The results of modified membranes and the MEE
performance assessment are presented in Section 3.4. A summary of the main findings of
this chapter is presented in Section 3.5.
3.1 Overview of membrane surface modification techniques
The surface modification techniques have been used to improve the hydrophilicity of
the membrane as the hydrophilicity reflects the ability of a membrane to attract water
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molecules (Efome et al., 2015). To date, the main techniques to increase membrane
hydrophilicity are coating (i.e. chemical deposition) the membrane surface with a thin
layer of a hydrophilic material or blending a hydrophilic material into the structure of the
hydrophobic membrane (Liu et al., 2016b). It was reported that depositing a thin layer of
ZnO or TiO2 on the hydrophobic membrane used for filtration improved its wettability
(Liu et al., 2016b; Xu et al., 2013). For example, the deposition of a TiO2 layer on a
plasma-activated polypropylene membrane dramatically improved its hydrophilicity (Xu
et al., 2013). Furthermore, the deposition of an ultrathin ZnO layer on the surface of the
PVDF membrane reduced the water contact angle (WCA) from 140° to 20° (Liu et al.,
2016b). PVDF membranes surface coated with zirconium phosphate showed improved
hydrophilicity and performance in filtration applications compared to the pristine
membrane (Zhao et al., 2016). Modification of membranes with highly porous materials
is preferable to increase membrane permeability. It was claimed that the transferred water
flux through the polypropylene membrane can be increased by 26% due to the increase
in the porosity of the membrane by 15% (Al-Obaidani et al., 2008). Among the metalbased materials with porous structures, metal-organic frameworks (MOFs) have been
adopted in various applications due to the fact that they possess high chemical and thermal
stability, easy preparation and low cost for the primary reactors (Ragab et al., 2016).
MOFs are coordination materials consisting of metal ions connected with ligand
linkers (Zhou et al., 2012). MOFs are widely touted as advanced materials for gas
adsorption, separation and drug delivery applications (Liang et al., 2011; Lange et al.,
2014; Mukherjee et al., 2019), due to their high porosity and surface area (Yang et al.,
2018). Using MOFs to modify polymeric membranes can improve both the permeability
and the surface hydrophilicity. Stability towards water is the main requirement of the
MOF to be used in applications where water contact will be encountered (Li et al., 2020).
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Recently, several water-stable MOF/polymeric membranes have been implemented in
water desalination and filtration applications. For instance, using Fe-BTC (BTC stands
for 1,3,5-benzene tricarboxylate) particles as fillers in a mixed-matrix PVDF membrane
increased water flux due to the increased porosity (Yang et al., 2018). Yang et al. (Yang
et al., 2019) reported that the performance of the cellulose acetate membrane improved
after blending with HKUST-1 particles (HKUST stands for Hong Kong University of
Science and Technology), as the water permeability increased from 98.99 to 110.01
L/m2.h, while the surface hydrophilicity improved slightly as the WCA decreased from
73.2o to 69.7o. HKUST-1 is a microporous crystalline material with a structural formula
of Cu3BTC2. The 3-D structure contains interconnected pores with sizes of 1.4, 1.1 and
0.5 nm. High-quality HKUST-1 has a BET surface area greater than 1100 m2/g (Sorribas
et al., 2015). On the other hand, depositing Zeolite Imidazolate Framework-8 (ZIF-8)
onto the surface of the polytetrafluoroethylene (PTFE) membrane resulted in an
approximately 40% increment in the membrane adsorption capacity and a 200% increase
in the membrane permeability (Ragab et al., 2016). Furthermore, producing a thin layer
of ZIF-8 on the surface of the PVDF membrane increased the water flux from 65.83 to
134.56 L/m2.h (Karimi et al., 2019) and from 43.1 to 57.5 L/m2.h (Vatanpour and
Khorshidi, 2020), and decreased the WCA from 71o to 48.2o (Karimi et al., 2019) and
from approximately 64.5o to 56.5o (Vatanpour and Khorshidi, 2020). ZIF-8 consists of
zinc ions and 2-methylimidazole ligands which create a porous structure with the same
topology as sodalite (a natural zeolite) and with pore cavities of 11.6 Å in diameter that
are accessed through pore windows of the size of 3.4 Å (Vatanpour and Khorshidi, 2020).
The large cavities and interconnected pores of ZIF-8 and HKUST-1 match for the kinetic
diameter of the water molecule (i.e. 2.64 Å (Alkhudhiri et al., 2012)) making these MOFs
ideal for water adsorption applications.
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From the aforementioned studies, it can be concluded that both the modification with
ZIF-8 and HKUST-1 can successfully improve the performance of the membranes used
in water desalination and filtration applications. However, it seems that using the hybrid
MOF/polymeric membrane in air-to-air MEEs has not been reported. Therefore, this
chapter investigates the ability to improve the properties of porous polymeric membranes
using MOF materials.
3.2 Outline of the research method
The overall method used in this study is illustrated in Fig. 3.1. It mainly consists of
four steps including i) membrane selection and properties measurement; ii) membrane
modification and characterisation; iii) development of the test facility and experimental
design/execution and; iv) data analysis and performance assessment. They are briefly
described as follows.
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Fig. 3.1 Outline of the research method.

3.2.1 Membrane selection and characterisation
Membranes used in MEEs should be extremely permeable to water vapour as the
vapour pressure difference is relatively small between the exhaust and supply air streams.
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In addition, the membrane must limit the diffusion of unwanted gases (Yang et al., 2013).
For this reason, five candidate porous polymeric membranes namely (i) Polyvinylidene
fluoride (PVDF) membrane with the pore sizes of 0.22 and 0.45 µm; (ii) Nylon membrane
with the pore sizes of 0.1 and 0.45 µm; and (iii) Polyethersulfone (PES) membrane with
a 0.1 µm pore size, were initially selected based on the data of the permeability and water
vapour selectivity over the non-desirable gases (i.e. CO2 and N2) reported in the previous

studies as listed in Table 3.1. The selected membranes were purchased from Tianshan
Precision Filter Material Co., Ltd., Hangzhou, China and then characterised by measuring
the moisture diffusivity, water contact angle, porosity and elastic modulus to determine
the membrane that will be modified and then used to fabricate the exchanger core.
Table 3.1 Permeability and selectivity data for the selected membranes
Membrane Permeability (Barrera)
H2O

275

Ref.

Selectivity
CO2

Ref

(Metz et al., 0.088

(Bondar et

2005)

al., 2000)

(Metz et al., 3.38

(Li and

2005)

Chung, 2008)

N2

0.025

Ref

(Metz et al.,

H2O/

H2O/

CO2

N2

3125

11000

775

10480

2221

53393

2946

70808

Nylon

2620

2005)
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3.2.2 Membrane properties
Moisture diffusivity is a crucial property for the membrane used in the MEEs. The
moisture diffused through the membrane is inversely proportional to its moisture
diffusion resistance (MDR). A wet cup approach detailed in the E96 standard (E96/E96M,
2005) was employed to measure the MDR under various test conditions, as listed in Table
3.2. This method has been widely adopted to evaluate the water vapour transport
properties of the membranes (Mondal et al., 2006; Lainioti et al., 2016; Hu et al., 2001;
Deimede et al., 2020; Rodgers et al., 2008b; Rodgers et al., 2008a; Maliha et al., 2020).
The membrane moisture diffusivity was then determined based on the measured diffusion
resistance. The wet cup test facility consisted of a plastic cup with a diameter of 9 cm, a
laboratory electronic balance with a 0.01 g resolution, an environmental chamber and a
data logger (see Fig. 3.2). The cup was filled with deionised water, and the tested
membrane was placed on the cup using the gasket and flanges. The cup assembly was
then located on the balance inside the environmental chamber. The change in the cup
assembly weight was monitored using the data logger. The environmental chamber was
able to control the relative humidity and temperature outside the cup with uncertainties
of 1.0% and 0.1 °C, respectively.
Table 3.2 Test cases of measuring the membrane moisture transport properties
Test case No.
Relative humidity (%)
Temperature (oC)

T1
80
27.5

T2
80
30.0

T3
80
32.5

T4
50
27.5

T5
50
30.0

T6
50
32.5

T7
30
27.5

T8
30
30.0

T9
30
32.5

The moisture flux through the membrane was determined using Eq. (3.1). The total
permeate flux could also be obtained from Eq. (3.2) (Liu et al., 2016a). The moisture
diffusivity of the tested membranes can be calculated by Eq. (3.3) (Zhang, 2006d).
∆𝑊

𝐽𝑣 = 𝑡 𝐴

(3.1)

𝑐𝑢𝑝
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𝐽𝑣 =

𝑤𝑖𝑛 −𝑤𝑜𝑢𝑡

(3.2)

𝑅𝑚𝑒𝑚

𝐷𝑚𝑒𝑚 = 𝑅

𝛿

(3.3)

𝑚𝑒𝑚 𝜌𝑎

where ∆W is the weight change of the cup assembly, t is the time during which
weight change occurred, Acup is the area of the cup, win and wout are the humidity inside
and outside of the cup respectively, Rmem is the moisture diffusion resistance of the
membrane, Dmem is the moisture diffusivity of the membrane and ρa is the air density
The above-calculated moisture diffusivity was obtained from the total moisture flux
transferred through the membrane to the surrounding air which follows a complex mass
transport mechanism based on the type of the membrane (Zhang et al., 2011).

Fig. 3.2 Test apparatus of the wet cup method.

To examine the surface hydrophilicity/hydrophobicity of the tested membranes, the
WCA and surface energy were quantified using a CAST3 USA KINO goniometer with an
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uncertainty of ± 3°. The drop shape was analysed as implemented in the CAST®3.0
software program.
The porosities of the tested membranes were determined using the pycnometer
approach as reported in (Duong et al., 2018). The test was conducted for three samples of
each membrane to determine the standard errors. The porosity can be calculated by Eq.
(3.4).
𝜖=

(𝑊2 −𝑊3 −𝑊𝑠 )

(3.4)

𝑊1 −𝑊3

where ϵ is the porosity of the membrane, Ws is the weight of the dry membrane
sample, W1 is the weight of the pycnometer filled with the ethanol only, W2 is the weight
of the pycnometer filled with the ethanol and the membrane simple and W3 is the weight
of the pycnometer without the saturated membrane sample.
The tensile tests were conducted for the membranes using a Shimadzu EZ-S
universal test device. The tensile specimens were prepared by cutting the membranes into
rectangular strips with approximate dimensions of 120 mm × 10 mm. The specimens were
attached to the test device with the screw loaded clamps. The height of the specimen
between the top and bottom clamps was maintained at 100 mm for all tests. It is worth
noting that the nominal thickness of all the tested membranes was 100 µm. The tests were
then undertaken using a 500 N load cell and the samples were strained at a rate of 1
mm/min until the failure occurred. The tensile stress was calculated based on the applied
load and the average cross-sectional area. The strain was determined using the original
length of the unstrained samples. Based on the recorded data, the corresponding stressstrain curves can be generated and used to determine the elastic modulus of the tested
membranes. For each type of the membranes, the tests were repeated three times and the
standard errors were estimated by using one standard deviation method.
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3.2.3 Membrane modification
3.2.3.1 Materials
In this study, trimesic acid (H3BTC), APTES ((3-aminopropyl) triethoxysilane),
Zn(NO3)2·6H2O, 2-methylimidazole and N,N-dimethylformamide (DMF) were supplied
by Sigma-Aldrich. Ethanol and toluene were obtained from Chem-Supply, and
Cu(OAc)2·H2O (Copper (II) acetate monohydrate) was purchased from Fluka. The raw
materials were used to prepare ZIF-8 and HKUST-1 in the laboratory as they were much
cheaper as compared to the ZIF-8 and HKUST-1 particles purchased directly from
suppliers.
3.2.3.2 Synthesis of ZIF-8 and HKUST-1
ZIF-8 was synthesised using the method detailed by Cravillon et al. (Cravillon et al.,
2009). Zn(NO3)2·6H2O and 2-methylimidazole were dissolved separately in methanol
solvent to prepare the synthesis solutions. HKUST-1 was synthesised following the
procedures described by Li et al. (Li et al., 2009). The synthesis solutions were prepared
by dissolving H3BTC and Cu(OAc)2·H2O separately into a mixture solvent of N,Ndimethylformamide (DMF) and ethanol. The synthesis solutions for each MOF were
respectively mixed with stirring for one hour under room temperature conditions and the
crystals were then separated using centrifugation. The resultant crystals were washed with
ethanol three times and followed by drying in a vacuum oven at 120°C for 4 hours. The
chemical reactions of MOFs' formations and MOF’s formulas for both HKUST-1 and
ZIF-8 are presented in the Appendix A (Fig. A1).
3.2.3.3 Preparation and characterisation of MOF-based membranes
The coated membranes (i.e. ZIF-8@polymeric, and HKUST-1@polymeric) were
fabricated by using the solvent evaporation method (Ragab et al., 2016). The surface of
the polymeric membrane was modified using O2 plasma treatment for 10 minutes
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followed by APTES treatment to enhance the attachment strength of the MOFs onto the
membrane. The membrane was soaked in an APTES-toluene solution with an APTES
concentration of 2 wt% under nitrogen gas for 24 hours. The membrane was then washed
twice with toluene and twice with ethanol. The coating solutions were prepared by
suspending the MOF particles into ethanol at 16.66 wt% for 12 hours and then sonicated
for 30 minutes before coating. To grow the MOF layer on the active area of the membrane
on one side only, the membrane was sandwiched between an acrylic frame with the inner
dimensions of 100 × 100 mm and an acrylic base, as shown in Fig. 3.3. The exposed part
of the membrane was covered by the coating solution for 24 hours and the membrane was
then dried in an oven at 40 °C for 3 hours.

Fig. 3.3 The acrylic frame and base used to prepare the composite membranes.
The surface morphology of the coated membranes was studied using field emission
SEM (FE-SEM, JEOL- JSM 6490 AF) at an accelerating voltage of 15 kV. Before the
analysis, the membrane samples were sputter coated with platinum. A GBC-MMA X-ray
diffractometer was used to examine the diffraction patterns of the composite membranes.
The samples were scanned over a diffraction angle range of 5-40° in 2θ with a step size
of 0.05°.
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3.2.4 Development of the experimental setup and test of the latent heat transfer
3.2.4.1 Description of the test setup
A latent heat exchange test was conducted using a laboratory-scale test setup as shown
in Fig. 3.4a). The setup consisted of an MEE core, connecting pipes, two environmental
chambers, a vacuum pump, and connected measurement instruments. The simplified
schematic of the test setup is illustrated in Fig. 3.4b). The exchanger was composed of a
plate and frame membrane module with two acrylic semi cells and a semi-permeable
membrane. The membrane was sandwiched between the semi cells to form two square
channels with a height of 2 mm each and a length/width of 100 mm. The external and
internal air leakages of the exchanger were tested based on the laboratory testing
procedure detailed in BS EN 308:1997 standard (BS-EN308, 1997). Since acrylic is
highly impermeable to the gases, the moisture transfer to/from the surrounding can be
neglected. The environmental chambers were used to provide two air streams with
different conditions (i.e. humid and less humid air streams). The connecting pipes were
insulated between the environmental chambers and the exchanger to maintain the inlet air
of the exchanger at the same conditions as the chambers. The air streams were circulated
in the close loops between the environmental chambers and the exchanger using the
vacuum pump. Two flow meters equipped with control valves (Dwyer, RMC-103-SSV)
were installed at the outlet of each channel to regulate the flow rates of the two air streams.
Four thermocouples (T-type) and four Vaisala humidity sensors (HM110) were placed at
the inlets and the outlets of the exchanger to measure the temperature and relative
humidity (RH), respectively. During the experiments, the temperature and RH at the inlets
and outlets were recorded every 5 minutes.
Based on the measured inlet and outlet air conditions, the performance of the MEE
was then evaluated through two performance indicators, including latent heat transfer
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effectiveness (LHTE) and total moisture transfer coefficient (TMTC). The LHTE was
calculated by using Eq. (3.5) (Min and Su, 2011; Yaïci et al., 2013). The absolute
humidity for the inlet and outlet of the supply and exhaust air streams was determined
based on the corresponding values of the measured temperature and RH. The minimum
flow rate (ṁmin) is the minimum flow rate between the supply air and exhaust air.
However, in this study, identical flow rates were used for both air streams. The TMTC
was determined by Eqs. (3.6)-(3.8) (Zhang et al., 2011).
𝜀𝑙 =

𝑚̇𝑠 (𝑤𝑠𝑖 −𝑤𝑠𝑜 )+ 𝑚̇𝑒 (𝑤𝑒𝑜 −𝑤𝑒𝑖 )

(3.5)

2𝑚̇𝑚𝑖𝑛 (𝑤𝑠𝑖 −𝑤𝑒𝑖 )

𝑈𝑚 = 𝜌

∆𝑤𝑚

(3.6)

𝑎 𝐴𝑡 ∆𝑤𝑙𝑚

∆𝑤𝑚 =
∆𝑤𝑙𝑚 =

( 𝑤𝑠𝑖 −𝑤𝑠𝑜 )+(𝑤𝑒𝑜 −𝑤𝑒𝑖 )
2

𝜌𝑎 𝑄𝑠

(3.7)

(𝑤𝑠𝑖 −𝑤𝑒𝑜 )−(𝑤𝑠𝑜 −𝑤𝑒𝑖 )
𝑙𝑛[

(3.8)

(𝑤𝑠𝑖 −𝑤𝑒𝑜 )
]
(𝑤𝑠𝑜 −𝑤𝑒𝑖 )

where εl is the latent heat transfer effectiveness, m is the mass flow rate, At is the
area of the membrane, Q is the volume flow rate, and Um is the total mass transfer
coefficient.
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a) Illustration of the laboratory-scale test setup (1) exchanger core; (2) environmental
chamber; (3) connecting pipes; (4) vacuum pump; (5) air flow meter; (6) valve; (7)
thermocouples; (8) humidity sensors; (9) power supply; (10) data logger in the box and
(11) computer.

b) Simplified schematic of the test setup.
Fig. 3.4 Membrane enthalpy exchanger test setup used in the experiments.
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3.2.4.1 Uncertainties analysis
During the experiments, the uncertainty can be introduced from the data acquisition
and the instrument calibration and measurement (Liu et al., 2016a). The uncertainties in
the main measurement instruments including the flow meters, thermocouples and
humidity sensors were 2.0%, 0.1°C and 2.0%, respectively. The total uncertainty of the
calculated parameters was determined using the basic–root-sum-square method. Based
on that method, the total uncertainty (δRy) for each calculated parameter can be
determined using Eq. (3.9) (Yang et al., 2015), which is a function of the independently
measured parameters (xi). During the experiments, the largest uncertainties for the
determined LHTE and TMTC were 5.1% and 3.6%, respectively.

2

𝜕𝑦
√∑𝑛
𝑖=1( 𝛿𝑥𝑖 )

𝛿𝑅𝑦 =

𝑥𝑖

𝑦

(3.9)

3.3 The results from the properties measurements of the five uncoated membranes
During the practical operation of MEEs, the weather conditions such as temperature
and humidity may change continuously. It is therefore important to quantify the influence
of those parameters on the moisture transfer across the membrane. Fig. 3.5 shows the
variations in the MDR of the five porous polymeric membranes with the test conditions
specified in Table 3.2. It can be seen that all the tested membranes showed similar
behaviour against the test conditions. The lowest values of the MDR were offered by
PVDF45 membrane while Nylon10 membrane showed the highest values of the MDR.
The MDR was insensitive to the test temperature. For instance, for the PVDF45
membrane at RH of 80% (i.e. test cases of T1-T3 in Table 3.2), the MDR changed from
42.3 to 44.8 m2.s/kg when the test temperature increased from 27.5 to 32.5 oC. On the
other hand, the RH difference across the membrane slightly influenced the MDR. For
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instance, for the PVDF45 membrane at the temperature of 30 oC (i.e. test cases of T2, T5
and T8 in Table 3.2), the MDR increased from 43.6 to 46.3 m2.s/kg when the RH outside
the cup (i.e. environmental chamber) decreased from 80% to 30%. The MDR of the
PVDF22 membrane at the test conditions of T7 was similar to that reported in (Min et al.,
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Fig. 3.5 Variations in the moisture diffusion resistance under different test
conditions for the five membranes tested.
The moisture diffusivity is another parameter that can directly indicate the moisture
transfer capacity through the membrane. Fig. 3.6 illustrates the variation in the moisture
diffusivity under different test conditions for the five membranes tested. It can be seen
that the test conditions slightly influenced the diffusivity of each membrane. The
maximum value of the mean moisture diffusivity was 1.91×10-6 ± 2.42×10-8 m2/s for the
PVDF45 membrane, while the lowest value was 1.41×10-6 ± 2.71×10-8 m2/s for the
Nylon10 membrane.
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Fig. 3.6 Variations in the moisture diffusivity under different test conditions for
the five membranes tested.
Fig. 3.7 shows the water contact angles of the five membranes. The membranes
would be considered as a hydrophilic surface if the contact angle is below 90°, and a
lower WCA generally reflects higher hydrophilicity. It can be seen that all the tested
membranes were hydrophilic. However, they varied in the degree of hydrophilicity based
on the contact angle. The PVDF22 membrane yielded the highest average contact angle
of 76.2̊ while Nylon45 membrane exhibited the lowest average contact angle of 40.5̊.
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Fig. 3.7 Water contact angles for the tested membranes.
The porosity measurement showed that the PVDF45 membrane yielded the highest
porosity of 72.4 while Nylon10 membrane exhibited the lowest porosity of 56.7.
The properties of the tested membranes including mean moisture diffusivity, water
contact angle and porosity with their uncertainties are summarised in Table 3.3. It is worth
mentioning that the uncertainty in the mean moisture diffusivity is due to the variation in
the test conditions.
Table 3.3 The properties and the calculated uncertainties for the five membranes
tested.
Membrane
Mean moisture
diffusivity (m2/s)

PVDF45

Nylon45

PVDF22

1.91 ×10-6
1.50 ×10-6
1.59 ×10-6
±2.42 ×10-8 ±1.23 ×10-8 ±4.14 ×10-8

Nylon10

PES10

1.41 ×10-6
1.57 ×10-6
±2.71 ×10-8 ±3.71 ×10-8

Water contact
angle (ᵒ)

74.4 ± 5.2

40.5 ± 3.3

76.2 ± 2.9

41.4 ± 4.3

52.3 ± 3.7

Porosity

72.4 ± 2.7

66.2 ± 2.1

65.5 ± 2.2

56.7 ± 3.1

62.3 ± 1.6
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The stress-strain curve is usually used to identify the mechanical properties of
engineering materials. In this study, the tensile stress-strain curves of the five membranes
tested are illustrated in Fig. 3.8. These stress-strain curves were used to determine the
tensile properties including tensile strength, failure strain and modulus of elasticity
(Young’s modulus). The membrane PVDF22 showed the highest tensile strength of
1.81×107 MPa, while the membrane PES10 showed the lowest value (1.35×106 MPa). The
failure strain of the membranes PVDF22, Nylon10 and Nylon45 were around 0.08
mm/mm and they are very close to each other. The membrane PVDF45 had the maximum
failure strain at around 0.12 mm/mm.
Table 3.4 summarises the mechanical properties of the five membranes tested. The
properties including tensile strength, failure strain and the average values of the elastic
modulus with the errors determined by the standard deviation for all the measurements.
The elastic modulus for the PES10 was significantly lower than those for the other
membranes. In addition, small differences were observed amongst the values of the elastic
modulus of the PVDF22, Nylon10 and PVDF45 which were around 500 MPa.
As a summary, among the membranes tested, the PVDF45 membrane yielded the
highest value of the mean moisture diffusivity and porosity. PVDF22, Nylon10 and
PVDF45 membranes showed relatively high values of elastic modulus with small
differences amongst them. Therefore, the PVDF45 membrane was selected to be
modified and used to fabricate the membrane enthalpy exchanger core.
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Fig. 3.8 Stress-strain curves of the five tested membranes.
Table 3.4 Mechanical properties of the five tested membranes
Membrane

PVDF45

Tensile strength (MPa)

1.67 ×107 4.20 ×106 1.81 ×107 1.58 ×107 1.35 ×106

Failure strain (mm/mm) 11.94%

Nylon45

7.92%

PVDF22

8.16%

Nylon10

8.06%

PES10

2.32%

Elastic Modulus (MPa)

4.97 ×108 1.89 ×108 5.20 ×108 5.16 ×108 7.67 ×107

Uncertainties (MPa)

3.86 ×107 1.94 ×107 1.86 ×107 1.63 ×107 2.03 ×106

3.4 The results of the modified membranes
3.4.1 Characterisation of modified membranes
The surface morphologies of the uncoated PVDF45 and coated membranes were
characterised using the SEM and the results are presented in Fig. 3.9. The uncoated
PVDF45 membrane consisted mainly of micron-sized pores embedded in an enormous
amount of fibre structures (Fig. 3.9a). The surface images of the ZIF-8@PVDF45 and
HKUST-1@PVDF45 membranes are shown in Fig. 3.9b) and Fig. 3.9c), respectively.
These images showed a uniform deposition of the MOF particles on the membrane
surface. The surface coverage of the HKUST-1@PVDF45 membrane was denser than
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that of the ZIF-8@PVDF45 membrane. It can be also observed that the size of the
HKUST-1 crystals was larger than that of the ZIF-8 crystals which can be attributed to
the differences in the solvent system and the type of ligand/metal source between them
(Liu et al., 2018; Seetharaj et al., 2019). The full-scale pictures of the resultant coated
membranes are shown in Fig. 3.10. Besides the SEM pictures and the full-scale pictures
of the coated membranes, optical microscopy was used to examine the complete coverage
of the membrane surface with the MOFs. The scanning was conducted for different
positions on the surfaces of the coated membranes which were chosen randomly (see Fig.
A2 in Appendix A).

a) PVDF45

b) ZIF-8@PVDF45
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c) HKUST-1@PVDF45
Fig. 3.9 Surface morphology of the uncoated and coated membranes.

Fig. 3.10 Images of the coated membranes.
The crystalline structures of the prepared membranes were analysed by powder XRD
measurements. Fig. 3.11 presents the XRD patterns of the uncoated PVDF45 membrane,
the MOFs in their powder forms and the MOF-coated PVDF45 membranes. The uncoated
PVDF45 shows nonpolar (α) and polar crystalline phases (β), as expected (Srivastava et
al., 2011; Munirasu et al., 2017). The three diffraction peaks at 2θ values of 20.7°, 36.7°
and 41.1° signify the β-phase (Kim et al., 2011), while the peaks at 2θ values of 18.6° and
26.5° are related to the α-phase (Rajabzadeh et al., 2009). The diffraction pattern of ZIF95

8 (Fig. 3.11a) agreed with the results reported in (Hu et al., 2019). The XRD pattern of
ZIF-8@PVDF45 showed the characteristic peaks of ZIF-8 powder, confirming a
successful deposition, and peaks attributable to the membrane support. Fig. 3.11b) shows
that the powder of HKUST-1 exhibited characteristic peaks at 2θ values of 6.5°, 9.5°,
11.5° and 13.4°. The pattern also agreed well with that reported in (Al-Janabi et al., 2015).
For the HKUST-1@PVDF45 membrane, the diffraction peaks of HKUST-1 were clearly
presented, indicating that HKUST-1 particles were successfully deposited on the
PVDF45 membrane.

a) PXRD patterns of PVDF45, ZIF-8 and ZIF-8@PVDF45.
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b) PXRD patterns of PVDF45, HKUST-1 and HKUST-1@PVDF45
Fig. 3.11 XRD trends of the MOF powders, uncoated membrane and the coated
membranes.
3.4.2 Properties of the modified membranes
Surface hydrophilicity is an essential property that can indicate the ability of a
membrane to transport the water vapour. The hydrophilic nature of the prepared
membranes was investigated by measuring their WCAs. Table 3.5 summarises the
properties including advancing/receding WCA, surface energy, and porosity of the tested
membranes.
Table 3.5 The surface properties and the porosity of the tested membranes
Property

uncoated membrane

ZIF-8@PVDF45

HKUST1@PVDF45

Advancing WCA

74.4°± 5.2°

58.3°± 4.3°

44.9°± 5.1°

Receding WCA

28.9°± 3.3°

21.4°± 3.6°

17.2°± 3.8°

Surface energy

42.3± 0.3

50.47± 0.73

55.22± 0.66

72.4± 2.7

80.6± 4.1

86.1± 3.5

(mN/m)
Porosity
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The WCAs for the tested membranes are also presented in Fig. 3.12. It can be
observed that all the membranes were hydrophilic, and the coating of the MOFs on the
membrane surface had a clear impact on the WCA. The average advancing WCA of the
uncoated PVDF45 was 74.4° and it dropped significantly to 58.3° and 44.9° for ZIF8@PVDF45 and HKUST-1@PVDF45, respectively. The corresponding reduction ratios
in the advancing WCA were about 22% and 40% for ZIF-8@PVDF45 and HKUST1@PVDF45 respectively, as compared to the uncoated membrane. The improvement in
the hydrophilicity of the membrane coated with ZIF-8 could be attributed, at least in part,
to the presence of N-H functional groups on the surface of the ZIF-8 crystals, which
facilitated hydrogen bonding with water molecules (Ragab et al., 2016). Similarly, the
hydrophilic -OH and O-H stretches of HKUST-1 presented on the surface of the HKUST1@PVDF45 membrane can participate in absorbing the water, leading to increased
hydrophilicity (Yang et al., 2019). Meanwhile, the average receding WCA of the
uncoated PVDF45 was 28.9° and it decreased to 21.4° and 17.2° for ZIF-8@PVDF45 and
HKUST-1@PVDF45, respectively.
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Fig. 3.12 Water contact angles of the uncoated PVDF45 and the coated
membranes.

The surface energy was inversely proportional to the advancing WCA. The surface
energy values were 42.30, 50.47, and 55.22 mN/m for the uncoated membrane, ZIF8@PVDF45, and HKUST-1@PVDF45, respectively. On the other hand, the porosity of
the membrane improved when the coating was applied. The porosity of the uncoated
PVDF45 membrane was 72.4 and it increased to 80.6 and 86.1 for ZIF-8@PVDF45 and
HKUST-1@PVDF45, respectively.
Since the difference in the moisture concentrations is relatively low between the two
sides of the membrane, membranes with high moisture diffusivity are required to allow
sufficient water vapour transfer across the membrane. In addition, the moisture
differential across the membrane is affected by the environmental conditions. Therefore,
the effects of temperature and RH on the permeability properties of the membranes were
explored.
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Fig. 3.13a) presents the impact of the tested conditions on the MDR of the membranes
under the conditions listed in Table 3.2. The MDR determined based on the measurements
of the water vapour flux transfer with the corresponding transfer time showed that coating
MOFs on the membrane surface resulted in a decrease in the MDR. The behaviour of the
MDR against the test conditions was mostly the same for all the tested membranes. The
uncoated PVDF membrane had the highest value of the MDR while the HKUST1@PVDF45 membrane offered the lowest values of the MDR. The MDR was slightly
influenced by the testing temperature. For example, for the HKUST-1@PVDF45
membrane at 30% RH (test cases T7-T9 in Table 3.2), the MDR varied from 33.2 to 35.2
m2.s/kg when the temperature changed from 27.5 to 32.5 °C. Meanwhile, the MDR for
the tested membranes was almost insensitive to the difference in the RH across the
membranes. For instance, at the test cases T2, T5 and T8 in Table 3.2 (i.e. test temperature
of 30 °C), the MDR only increased from 31.9 to 34.5 m2.s/kg for the HKUST1@PVDF45 membrane when the RH of the environmental chamber significantly dropped
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Fig. 3.13 Variations of the moisture transport properties for the uncoated and
coated membranes.
To determine the moisture diffusion capacity through the membranes, the moisture
diffusivities of the membranes were calculated. Fig. 3.13b) presents the moisture
diffusivities of the tested membranes against the test conditions. The behaviours of the
moisture diffusivity versus the test conditions were almost similar for all the tested
membranes. The moisture diffusivity of the coated membranes was noticeably improved
in comparison to the pure PVDF45 membrane as a result of the porous nature of the MOFs
which can offer additional transport paths for the water vapour due to the increase in the
effective porosity of the membrane (Cheng et al., 2019). The HKUST-1@PVDF45
membrane yielded the highest moisture diffusivity due to the high specific interaction
between the water vapour and the hydrophilic surface of the HKUST-1 layer (Sorribas et
al., 2015).
Fig. 3.14 shows the trends of the moisture diffusivities of the tested membranes versus
the difference in the absolute humidity (i.e. driving force of the water vapour). The
correlations of those trends were obtained based on the test cases in Table1 to calculate
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the moisture diffusivities under a wide range of test conditions. The moisture diffusivity
was nearly linearly decreased as the driving force increased. The correlations presented
in Fig. 3.14 represented the variable values of the moisture diffusivity with the difference
in the absolute humidity. The correlations can be used to determine the moisture
diffusivity of each membrane under certain operating conditions.

Fig. 3.14 Relationships between the moisture diffusivity and the absolute
humidity difference for the tested membranes.
The mechanical properties of the tested membranes were determined using stressstrain diagrams (Fig. 3.15). The mechanical properties were mainly measured to show the
effect of the coating process on the strength of the membrane. The tensile strength, break
strain and average elastic modulus with the standard error are summarised in Table 3.6.
The elastic modulus of the membranes coated with the MOFs improved as compared to
the uncoated PVDF45. The elastic modulus increased slightly from 4.97 ×108 to 5.13 ×108
and 5.02 ×108 Pa, respectively, as a result of coating with ZIF-8 and HKUST-1, while the
mechanical strength improved by 3.6% when the PVDF45 membrane was coated with
ZIF-8. On the other hand, the break elongation of the uncoated membrane was 11.9% and
this property did not significantly decrease after coating.
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Fig. 3.15 Stress-strain curves of the uncoated and coated membranes.

Table 3.6 Mechanical properties of the uncoated and coated membranes
Membrane

PVDF45

Tensile strength (Pa)
Failure strain (mm/mm)
Elastic Modulus (Pa)
Standard error of elastic
modulus

1.67 ×107
11.94%
4.97 ×108
3.86 ×107

ZIF8@PVDF45
1.73 ×107
11.36%
5.13 ×108
2.43 ×107

HKUST1@PVDF45
1.61 ×107
10.62%
5.02 ×108
2.66 ×107

In summary, the WCA of the PVDF45 membranes improved significantly after being
coated with ZIF-8 or HKUST-1 and this led to higher moisture diffusivities of the coated
membranes compared to the uncoated PVDF45. The differences in the mechanical
properties between the uncoated membrane and the coated membranes were insignificant.
3.4.3 The results of the latent heat transfer test
Three groups of experiments with a total of 29 runs were designed to investigate the
impacts of several parameters on the moisture transfer performance through the PVDF45,
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ZIF-8@PVDF45 and HKUST-1@PVDF45 membranes. The tests were conducted at
identical flow rates for both air streams to reduce the effect of the pressure difference on
the membrane. Each test was running until the steady state conditions were achieved. As
summarised in Table 3.7, the first group of tests was designed to investigate the effect of
the flow rate on the moisture transfer performance. The tests of this group were carried
out for the three membranes at various flow rates (i.e. 0.16, 0.2 0.24, 0.28 L/s) under the
same moisture difference. The specified air flow rate in the range of 0.16-0.28 L/s was
generated based on the inlet velocities, which were in the range of 0.8-1.4 m/s with the
laminar flow conditions for all the tested cases. The range of the inlet velocities was
specified based on the practical cases detailed in previous studies (Zhang, 2010b;
Engarnevis et al., 2018). The second group of tests together with the test cases 2, 6 and
10 in the first group were performed for the three membranes to examine the effect of the
moisture difference (driving force) on the moisture transfer performance. The moisture
difference between the two air streams was varied as 0.005, 0.01, 0.015 and 0.02 kg/kg
under the same flow rate. It is worth mentioning that in both groups of tests, the coated
side of the membranes was exposed to the supply air stream. The third group of tests was
carried out only for the coated membranes to explore the effect of the membrane
orientation on the moisture transfer performance. Identical tests as those in the first group
were conducted but in these tests the coated side of the coated membranes was exposed
to the exhaust air stream. For all the experiments, the exhaust air conditions were kept
constant at 25 °C and 50% for the temperature and RH, respectively, and the supply air
temperature was kept at 35 °C. Those conditions were specified based on the
recommendation found in Ref. (ANSI/ARI-1060, 2005). The supply air RH was varied
with a practical range to achieve the conditions specified in Table 3.7.
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Table 3.7 Experimental tests designed for evaluating moisture transfer of the
tested membranes
Test
groups
Effect of
the flow
rate

Test
number

1
2
3
4
5
6
7
8
9
10
11
12
Effect of
13
the
14
moisture
15
difference 16
17
18
19
20
21
Effect of
22
the
23
membrane 24
orientation 25
26
27
28
29

Flow rate Moisture
(L/s)
difference
(kg/kg)
0.16
0.01
0.20
0.01
0.24
0.01
0.28
0.01
0.16
0.01
0.20
0.01
0.24
0.01
0.28
0.01
0.16
0.01
0.20
0.01
0.24
0.01
0.28
0.01
0.20
0.005
0.20
0.015
0.20
0.02
0.20
0.005
0.20
0.015
0.20
0.02
0.20
0.005
0.20
0.015
0.20
0.02
0.16
0.01
0.20
0.01
0.24
0.01
0.28
0.01
0.16
0.01
0.20
0.01
0.24
0.01
0.28
0.01

Orientation of the
coated side

Membrane tested

Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Supply air side
Exhaust air side
Exhaust air side
Exhaust air side
Exhaust air side
Exhaust air side
Exhaust air side
Exhaust air side
Exhaust air side

PVDF45
PVDF45
PVDF45
PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45
PVDF45
PVDF45
PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
ZIF-8@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45
HKUST-1@PVDF45

3.4.3.1 Effects of the operating conditions
The experiments of the first and second groups of tests presented in Table 3.7 were
used to explore the effects of the operating conditions on the moisture transfer process.
Fig. 3.16a) illustrates the variations of the LHTE as a function of the flow rate for the
tested membranes. It can be seen that the LHTE decreased with the increase in the flow
rate as the residence time of the air inside the exchanger was inversely proportional to the
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flow rate (Koester et al., 2016b). As expected, the HKUST-1@PVDF45 membrane
offered higher effectiveness as compared to the PVDF45 membrane. However, it was
slightly higher than that of the ZIF-8@PVDF45 membrane. For instance, the
effectiveness was 47.7% for the membrane coated with HKUST-1 at the flow rate of 0.24
L/s while it was 45.9% and 44.4% for the membrane coated with ZIF-8 and the uncoated
PVDF45 membrane, respectively.
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Fig. 3.16 Variations of the LHTE and TMTC with the changes of the flow rate
for the uncoated and coated membranes.
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Fig. 3.16b) shows the variations in the TMTC with the change in the flow rate for the
tested membranes. The TMTC values were calculated based on Eq. (6). It can be seen
clearly that the TMTC increased steadily with the increasing flow rate. This can be
attributed to the increase in the convective MTC with the increase in the flow rate
(Koester et al., 2016a). The MTCs of the coated membranes were higher than those of the
uncoated membrane as a result of the improvement in the moisture diffusivity of the
PVDF45 membrane when coated with ZIF-8 and HKUST-1.
The increase in the convective MTC (due to the increase in the flow rate) did not level
off the reduction in the performance resulting from the reduced residence time since the
contribution of moisture diffusion through the membrane is much higher than the
convective contribution in the total moisture transfer process (Koester et al., 2016a).
Fig. 3.17a) presents the variations in the LHTE with the change in the absolute
humidity difference across the membranes. There was a minimal impact on the LHTE
caused by the variation of the driving force (i.e. absolute humidity difference) on the
membrane sides. The trends of the LHTE of the coated membranes were similar. The
effectiveness increased slightly with the increase in the driving force and reached their
maximum at an absolute humidity difference of 0.01 kg/kg, and then decreased with
further increase in the driving force (see the experimental data). The maximum LHTE
was 54.6% and 54.4% for the ZIF-8@PVDF45 membrane and HKUST-1@PVDF45
membrane (i.e. the experimental data overlapped with each other at the absolute humidity
difference of 0.01 kg/kg), respectively. The effectiveness of the uncoated membrane
increased slightly from 49.5% to 51.2% when the driving force increased from 0.005 to
0.02 kg/kg.
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Fig. 3.17 Variations of the LHTE and TMTC with the absolute humidity
difference for the tested membranes.

Fig. 3.17b) shows the variations in the TMTC with the change in the absolute
humidity difference across the membranes. It is observed that the TMTCs of the coated
membranes were higher than that of the uncoated membrane. The trends of the TMTC of
the coated membranes were similar to those of the LHTE. The maximum TMTCs were
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44.2 ×10-3 and 43.9×10-3 m/s for the HKUST-1@PVDF45 and ZIF-8@PVDF45
membranes respectively, when the absolute humidity difference was 0.01 kg/kg. On the
other hand, for the uncoated PVDF45 membrane, the impact of the absolute humidity
difference on the membrane sides was almost negligible.
3.4.3.2 Effects of the membrane orientation
The impact of the membrane orientation on the performance was also investigated.
Each coated membrane was tested in two different scenarios: scenario A when the coated
surface was exposed to the supply side and scenario B when the coated surface was
exposed to the exhaust side (Fig. 3.18).

Fig. 3.18 Scenarios of the membrane orientation test.

Fig. 3.19 shows the variations in the LHTE versus the change in the flow rate for the
tested membranes. When the coated surfaces were exposed to the exhaust air stream the
LHTE was slightly lower than that when the coated surfaces faced the supply air stream.
This could be attributed to the ability of the hydrophilic MOF layers for attracting water
vapour and facilitating the transport of more moisture through the membrane.
Furthermore, the LHTE values for both coated membranes under the two scenarios were
almost higher than those of the uncoated membrane.
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Fig. 3.19 Variations of the LHTE with the membrane orientation for the coated
membranes.
3.5 Summary
In this chapter, the performance of porous polymeric membranes used in air-to-air
MEEs was assessed through experimental investigation. The key properties of five porous
polymeric membranes were first measured under various test conditions to identify the
outperformed membrane. The identified membrane was then modified by coating with
two different types of water-stable MOF particles of ZIF-8 and HKUST-1. The uncoated
and coated membranes were employed as the transfer surface in a single-channel
membrane enthalpy exchanger test setup to assess their performance.
The results of the measurements showed that the test conditions slightly affected the
moisture diffusivity of all the tested membranes. The PVDF45 membrane offered the
highest mean moisture diffusivity of 1.91×10-6 ± 2.42×10-8 m2/s and the highest porosity
of 72.4 ± 2.7. The PVDF22 membrane yielded the highest WCA of 76.2̊ while the
Nylon45 membrane exhibited the lowest WCA of 40.5̊. Three membranes (i.e. PVDF22,
Nylon10 and PVDF45) showed a similar elastic modulus of around 500 MPa with small
differences amongst them. Based on those results, the PVDF45 membrane was modified
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and used to fabricate the membrane enthalpy exchanger core. The measurement results
showed that coating PVDF45 with MOF particles improved membrane hydrophilicity
without significantly impacting the mechanical properties of the membranes.
The experimental investigation showed that the coated membranes yielded better
performance in LHTE than the uncoated membrane. The LHTE was 44.4% for uncoated
PVDF45 and it was improved to 45.9% and 47.7% for the membranes coated with ZIF-8
and HKUST-1 respectively, at the flow rate of 0.24 L/s. The LHTE was slightly lower
when the MOFs layers were exposed to the exhaust air stream than that exposed to the
supply air stream. The performance of the MEE was highly affected by the mass flow
rate, but it was insensitive to the moisture difference across the membrane.
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Chapter 4 Experimental

investigation

and

performance

evaluation of an air-to-air membrane enthalpy exchanger
The MEE made of dense membranes has been widely investigated under various
operating conditions. However, the effect of the operating conditions on the performance
of the MEE made of porous membranes has not been explored thoroughly. The literature
review in Chapter 2 showed that flow configuration was one of the important design
parameters that can significantly impact the performance of the MEE. It was found that
the counter flow configuration can offer the best performance, but it was difficult to
fabricate. On the other hand, the cross flow configuration has a limitation of the relatively
low performance. Therefore, several mixed-flow configurations have been proposed to
overcome the limitations of the counter and cross flow configurations. This chapter
presents a detailed experimental investigation and performance comparison among
different flow configurations of MEEs under a wide range of operating conditions and
number of mixed-flow configurations.
This chapter is structured as follows. A description of a multi-flow configuration
MEE is introduced in Section 4.1. Section 4.2 outlines the experimental method used in
this chapter. The effects of the operating conditions and flow configurations on the
performance of the MEE are analysed in Section 4.3. The main findings obtained in this
chapter are summarised in Section 4.4.
4.1 Description of a multi-flow configuration membrane enthalpy exchanger
The performance of the MEE is highly dependent on the flow configuration and air
velocity (Al-Waked et al., 2018). Fig. 4.1 presents the multi-flow configuration of the
MEE that was investigated in this study. It mainly consists of a pure cross flow core and
four adjustable headers. The core was constructed with semi-permeable membranes,
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sealing brackets and upper/lower bases. The inlet and outlet spans of each air stream were
identical. The ratio between the inlet span to the span of the membrane, named entrance
ratio, can be varied as 1, 0.75, 0.5 and 0.25 respectively, as illustrated in Fig. 4.2. The
sealing brackets and bases were made of acrylic with a thickness of 2 mm and 20 mm,
respectively. The membranes and sealing brackets were assembled using a special glue,
and then sandwiched by the upper and lower bases to form six channels. The headers
were connected to the core using flanges. The MEE was insulated by polyester with a
thickness of 15 mm applied to all the external surfaces.
The air leakage of the exchanger was tested under positive and negative pressures
as specified in the test procedure of BS EN 308:1997 standard (BS-EN308, 1997). The
moisture leakage to the surrounding was neglected since the acrylic is strongly
impermeable to water vapour.

Fig. 4.1 Schematic of the multi-flow membrane enthalpy exchanger.
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Fig. 4.2 Illustration of the exchanger headers with four different entrance ratios.
4.2 Experimental method
4.2.1 Development of the experimental test facility
Based on the optimal porous membrane identified in Chapter 3 which was the
PVDF45, the enthalpy exchanger core as presented in Section 4.1 was constructed. An
experimental setup, as illustrated in Fig. 4.3, was then developed to evaluate the
hydrodynamic and thermal performance of the multi-flow configuration MEE. The
simplified schematic of this experimental test setup is presented in Fig. 4.4. This
experimental setup mainly consists of an MEE core, two environmental chambers, a
vacuum pump, connecting pipes and measurement instruments.
The experimental setup was designed as a closed loop system. The air in the two
air streams was conditioned in the two environmental chambers at the desired conditions
and then supplied to the test MEE core. The air vacuum pump was used to recirculate the
outlet air to the environmental chamber. The connecting pipes between the test section
and the environmental chamber were insulated to minimise any potential heat loss. Four
T-type thermocouples were calibrated and mounted at the inlets and outlets of the
exchanger to measure the air temperatures. Two variable area flow meters (Dwyer, RMC114

103-SSV) equipped with a control valve were installed at the exits of each air stream of
the exchanger respectively to measure the air flow rates. The flowmeters were placed
after the test section to minimise the heat gain/loss and ensure that the conditions of the
inlet air streams will be close to the conditions of the environmental chambers. The scale
range of the air flow meters used was 10-100 l/min. Four Vaisala humidity transmitters
(HM110) were installed at the inlets and outlets of the MEE to monitor the relative
humidity at each air stream. The pressure drop across the exchanger was measured by a
Testo850 differential pressure gauge. The pressure drop was measured for one air stream
as the dimensions of the flow channels were identical. During the experiments, the
temperature, relative humidity, pressure drop and flow rate of each air stream at the inlet
and outlet of the test section were measured every 5 minutes.

Fig. 4.3 Experimental test setup (1- differential pressure gauge; 2- air flow
meter: 3- thermocouples; 4- humidity sensors; 5- data logger in the box; 6power supply; 7- vacuum pump; 8- control valve; 9- environmental chamber;
10- connecting pipes; 11- exchange.
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Fig. 4.4 Simplified schematic of the experimental test setup for the multi-flow
MEE.
4.2.2 Experimental design and execution
The parameters that influenced the performance of MEE are shown in Fig. 4.5.
Those parameters were categorised into two main groups namely: the operating
parameters group and the design parameters group.

Fig. 4.5 Categorisation of the parameters influenced the performance of the
MEE.
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The first experimental group was designed to examine the influences of the
operating parameters including flow rate, and the outdoor air temperature and RH on the
performance of the MEE. A cross flow configuration was adapted in this experimental
group. A total of 30 experiments in ten experimental sets were carried out as summarised
in Table 4.1. The first, second and third sets (A, B and C) investigated the impact of the
outdoor temperature under summer conditions. The first set together with the fourth and
fifth sets (A, D and E) investigated the impact of the outdoor air humidity under summer
conditions. Similarly, the sixth, seventh and the eighth sets (F, G and H) investigated the
impact of the outdoor temperature under the winter conditions and the sixth set together
with the ninth and tenth sets (F, J, K) investigated the effect of the outdoor air humidity
under the winter conditions. The experiments at each set were carried out at various flow
rates (0.1, 0.6 and 0.9 L/s). The flow rate at each experiment was the same for the supply
and the exhaust air streams to reduce the pressure difference across the membranes. The
indoor air conditions were kept constant at 25 ºC and RH 50% for the summer operating
cases, while those were 21 ºC and RH 50% for the winter operating cases. It is worth
mentioning that the indoor and outdoor conditions were selected to cover a range of
operating conditions including the recommended test conditions reported in (ANSI/ARI1060, 2005).
Table 4.1 Operating parameters used in the first experiments group
Summer conditions
No.

A1
A2

Outdoor thermal
conditions
35 ºC, 70%

Winter condition
Flow rate No.
(L/s)
0.3

F1

0.6

F2
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Outdoor thermal
conditions
1.7 ºC, 70%

Flow rate
(L/s)
0.3
0.6

A3

0.9

F3

0.3

G1

B2

0.6

G2

0.6

B3

0.9

G3

0.9

0.3

H1

C2

0.6

H2

0.6

C3

0.9

H3

0.9

0.3

J1

D2

0.6

J2

0.6

D3

0.9

J3

0.9

0.3

K1

E2

0.6

K2

0.6

E3

0.9

K3

0.9

B1

C1

D1

E1

32.5 ºC, 70%

30 ºC, 70

35 ºC, 60

35 ºC, 80

0.9
5 ºC, 70%

8 ºC, 70%

1.7 ºC, 60%

1.7 ºC, 80%

0.3

0.3

0.3

0.3

For the other experiments group, a total of 28 experimental cases were designed
and carried out based on the test module of the multi-flow configuration MEE introduced
in Section 4.1 to examine the performance of the MEE under various mixed-flow
configurations and entrance ratios. The tests were conducted under four different air flow
rates (i.e. 0.3, 0.6, 0.9, 1.2 L/s). As summarised in Table 4.2, seven air flow patterns were
investigated to determine the best flow configuration. Fig. 4.6 illustrates the flow
configurations of the seven cases listed in Table 4.2. In each experiment, the flow rates
of the two air streams were maintained the same to reduce the pressure difference on the
membrane sides. In the flow configurations of Case 1-Case 3 and Case 7, the same
entrance ratios for both air streams were used. However, different entrance ratios for both
air streams were used for the flow configurations of Case 4-Case 6. All the test cases were
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conducted based on the same inlet air conditions, that is, the inlet temperature and relative
humidity of the exhaust stream were 25 ᵒC and RH 45%, while those of the supply stream
were 35 ᵒC and 70% RH, respectively.
Table 4.2 Summary of the flow configurations investigated
Configurations

Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7

Supply channel
Entrance
Flow shape
ratio
25%
Z- shape
50%
Z- shape
75%
Z- shape
25%
Z- shape
50%
Z- shape
75%
Z- shape
100%
Straight

Exhaust channel
Entrance
Flow shape
ratio
25%
И- shape
50%
И- shape
75%
И- shape
100%
Straight
100%
Straight
100%
Straight
100%
Straight

Fig. 4.6 Flow configurations of the seven investigated cases.
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Flow pattern

Hybrid flow
Hybrid flow
Hybrid flow
Hybrid flow
Hybrid flow
Hybrid flow
Pure cross flow

4.2.3 Data analysis
After reaching the steady state of each experiment, the recorded data of instruments
were used to evaluate the performance of the MEE through several indicators. The
sensible, latent and total heat transfer effectiveness are the most common parameters in
the performance evaluation of the MEE. The latent heat transfer effectiveness (LHTE)
was determined as described in Chapter 3, while the sensible heat transfer effectiveness
(SHTE) and the total heat transfer effectiveness (THTE) can be determined from Eqs.
(4.1) and (4.2) respectively (Min and Su, 2011; Yaïci et al., 2013).
𝜀𝑠 =
𝜀𝑡 =

𝑚̇𝑠 (𝑇𝑠𝑖 −𝑇𝑠𝑜 )+ 𝑚̇𝑒 (𝑇𝑒𝑜 −𝑇𝑒𝑖 )

(4.1)

2𝑚̇𝑚𝑖𝑛 (𝑇𝑠𝑖 −𝑇𝑒𝑖 )
𝑚̇𝑠 (ℎ𝑠𝑖 −ℎ𝑠𝑜 )+ 𝑚̇𝑒 (ℎ𝑒𝑜 −ℎ𝑒𝑖 )

(4.2)

2𝑚̇𝑚𝑖𝑛 (ℎ𝑠𝑖 −ℎ𝑒𝑖 )

The total moisture transfer coefficient (TMTC) was determined as described in
Chapter 3, while the total heat transfer coefficient (THTC) was calculated by Eqs. (4.3)(4.5) (Zhang et al., 2011).
𝑈ℎ =

𝜌𝑎 𝑄𝑠 𝑐𝑝∆𝑇𝑚

∆𝑇𝑚 =

(4.3)

𝐴𝑡 ∆𝑇𝑙𝑚
( 𝑇𝑠𝑖 −𝑇𝑠𝑜 )+(𝑇𝑒𝑜 −𝑇𝑒𝑖 )

∆𝑇𝑙𝑚 =

(4.4)

2
(𝑇𝑠𝑖 −𝑇𝑒𝑜 )−(𝑇𝑠𝑜 −𝑇𝑒𝑖 )

(4.5)

(𝑇 −𝑇𝑒𝑜 )
𝑙𝑛[ 𝑠𝑖
]
(𝑇𝑠𝑜 −𝑇𝑒𝑖 )

The total energy recovered (TER) was calculated by Eq. (4.6) (Al-Waked et al.,
2018) and the fan power consumption (Pc) is determined by Eq. (4.7) (Yaïci et al., 2013),
based on the pressure drop measured by the differential pressure gauge.
𝑇𝐸𝑅 = 𝑚̇𝑠 (ℎ𝑠𝑖 − ℎ𝑠𝑜 )

(4.6)

𝑃𝑐 = 𝑛 𝑄𝑠 ∆𝑝 + 𝑛 𝑄𝑒 ∆𝑝

(4.7)
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The thermal transfer resistance (Rth) between the inlet supply air and the inlet exhaust air
can be given as below (Nie et al., 2018).
2 ∆𝑇𝑙𝑚
(ℎ
𝑎
𝑠𝑜 −ℎ𝑠𝑖 )(𝑄𝑠 +𝑄𝑒 )

𝑅𝑡ℎ = 𝜌

× 103

(4.8)

where εs, εl and εt are the SHTE, LHTE and THTE respectively, ṁ is the mass flow rate,
T is the air temperature, w is the air humidity, h is the specific enthalpy, Uh is the total
heat transfer coefficient, Q is the volume flow rate, cp is the specific heat, At is the
membrane area, ρa is the air density TER is the total energy recovered, Pc is the power
consumption, ∆p is the pressure drop across the channel and n is the number of the
channels for each air stream.
The uncertainties in the experimental tests were estimated using the basic root-sumsquare described in Chapter 3. The specifications of the measurement instruments
including type, quantity and uncertainty value are summarised in Table 4.3.
Table 4.3 Specification of the instruments used in the experiments
Instrument

Type

Number

Flow meter

Dwyer, RMC-103-SSV (10-100 L/min) 2
equipped with valve

Uncertainty
± 2%

Temperature sensor Thermocouple type T

4

± 0.1 ºC

Humidity sensor

Vaisala humidity sensors, HM110

4

± 2%

Pressure gauge

Testo850 differential pressure gauge

1

± 0.1 Pa

The estimated uncertainties were found to be highly dependent on the operating
conditions. However, the highest values of the uncertainties for the calculated SHTE,
LHTE, THTE, TMTC and HMTC were 3.2%, 5.1%, 5.9%, 2.4% and 3.6% respectively.
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4.3 Results and discussion
4.3.1 Performance evaluation of MEE under various operating conditions
4.3.1.1 Effectiveness
Both temperature and humidity directly influence the vapour pressure difference,
and hence both can influence the performance of the MEE. Fig. 4.7 shows the changes in
the SHTE, LHTE and THTE under the summer outdoor temperature and humidity at
various flow rates. The SHTE had the highest values followed by the THTE and LHTE.
The variation trends of the effectiveness with the flow rates showed that the lowest flow
rate resulted in the maximum effectiveness. A slight decrease in effectiveness was
observed with the decrease in the outdoor temperature. At the outdoor humidity of 70%
and flow rate of 0.9 L/s, the SHTE decreased from 71.17 to 69.74% with the decrease in
the outdoor temperature from 35 to 30 ºC, meanwhile, the THTE and LHTE decreased
marginally from 67.96 to 67.11% and from 66.66 to 66.61%, respectively. It can be also
observed that increasing the outdoor air humidity had a minimal impact on effectiveness.
At the flow rate of 0.6 L/s and outdoor temperature of 35ᵒC, the experimental values of
the SHTE, LHTE and THTE increased from 76.47, 71.35 and 72.53% to 78.22, 71.91 and
72.93% respectively, when the outdoor humidity increased from 60 to 80%.
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c) THTE
Fig. 4.7 Variations of MEE effectiveness with the changing operating
parameters for the cooling mode.
Fig. 4.8 shows the variations of the SHTE, LHTE and THTE under the winter
outdoor air temperature and humidity at various flow rates. It is shown that the results
were similar to that of the summer conditions. The three types of effectiveness were
significantly influenced by the flow rate, and they decreased with increasing flow rate.
For example, at the outdoor air temperature and RH of 1.7 ºC and 70 %, respectively, the
experimental values of the SHTE, LHTE and THTE decreased from 82.8 %, 77.56 % and
80.92 % to 78.27 %, 70.67 % and 75.51 % respectively, with the increase in flow rate
from 0.3 to 0.9 L/s. The outdoor air temperature and RH had minimum impacts on the
SHTE. On the other hand, the LHTE decreased slightly as the outdoor temperature
increased, while the outdoor RH had an obvious influence on the LHTE. For instance, at
the outdoor temperature of 1.7 ºC and flow rate of 0.9 L/s, the LHTE decreased from
72.71 to 68.0% with the increase in the outdoor RH from 60 to 80%.
A comparison of the effectiveness under summer conditions and winter conditions
(see Fig. 4.7 and Fig. 4.8 can explore that the maximum SHTE for the summer and winter
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conditions were 81.45% and 83.04% respectively. Furthermore, the LHTE increased
when the outdoor RH increased at the cooling mode, while at the heating mode the LHTE
decreased as the outdoor RH increased.
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Fig. 4.8 Variations of MEE effectiveness with the changing operating
parameters for the heating mode.

The values of the SHTE, LHTE and THTE obtained for the cross flow configuration
MEE at the flow rate of 1.2 L/s were compared to the results reported in the literature
(Min and Duan, 2016). The operating conditions and the exchanger specifications of the
current study and the previous study are summarised in Table 4.4. The SHTE, LHTE and
THTE of this study were 66.5%, 63% and 63.7% respectively, while those in (Min and
Duan, 2016) were 67%, 54.5% and 57.5 respectively. The comparison showed a good
agreement for the SHTE between the two sets of data as the conductive heat transfer
through the membrane can be neglected due to the small membrane thickness (Liu et al.,
2016a). However, both the LHTE and THTE obtained in this study were different from
those in the literature as they were highly affected by the membrane properties (Niu and
Zhang, 2001; Min and Su, 2010b).
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Table 4.4 Summary of the operating conditions and the exchanger specifications
of the current study and the previous study
Conditions and specification
This study
Test conditions

Flow configuration
Channel length (m)
Channel Width (m)
Channel height (mm)
Membrane type
Moisture diffusivity (m2/s)
Membrane adsorption
constant
Membrane thickness (mm)

(Min and Duan, 2016)

Tsi: 35 ᵒC; RHsi: 70%;
Tei: 25 ᵒC; RHei: 45%;
Flow rate for single
channel: 0.4 L/s
Cross flow
0.2
0.2
2
Porous
1.91 ×10-6
-

Tsi: 35 ᵒC; RHsi: 70%;
Tei: 26 ᵒC; RHei: 50%;
Flow rate for single
channel: ≈ 0.4 L/s
Cross flow
0.25
0.25
2
dense
≈ 2.17 ×10-7
2.5

0.1

0.1

4.3.1.2 Heat and moisture transfer coefficients
THTC and TMTC are other important parameters that can indicate the heat and
moisture transfer through the membrane. Table 4.5 summarises the results of the THTC
and TMTC for the summer and winter conditions under various flow rates. Generally,
THTC values were much higher than the TMTC values as the moisture diffusivity through
the air is much smaller than the thermal conductivity of the air. Both the THTC and
TMTC were increased as the flow rate increased due to the increase in the convective
heat and moisture transfer coefficients with the increase in the flow rate. Increasing the
flow rate would result in decreasing the thickness of the thermal and concentration
boundary layers. The convective heat and moisture transfer resistances are proportional
to the thickness of the boundary layer. Therefore, the heat and moisture transfer
coefficients increased when increasing the flow rate. For instance, at the outdoor
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conditions of 35 ᵒC and RH 70%, the THTC increased from 14.73 to 22.72 W/m2 K and
the TMTC increased from 8.97×10-3 to 15.47×10-3 m/s when the flow rate increased from
0.3 to 0.9 L/s.
Under summer conditions, it can be seen that the THTC and TMTC were influenced
positively by the condition of the outdoor air. Under the outdoor temperature at 35 ᵒC and
flow rate at 0.6 L/s, the THTC increased from 20.22 to 22.02 W/m2 K while the TMTC
increased from 12.46×10-3 to 12.84×10-3 m/s when the outdoor humidity increased from
60% to 80%. On the other hand, at the outdoor humidity of 70% and flow rate of 0.6 L/s,
increasing the outdoor temperature from 30 to 35 ᵒC resulted in an increase in the THTC
from 19.12 to 21.67 W/m2 K, and TMTC from 12.61×10-3 to 12.99×10-3 m/s.
The trends of the THTC and TMTC with the changes of the with the outdoor
conditions at winter conditions were opposite to those at the summer conditions. For
instance, at the outdoor temperature of 1.7 ᵒC and flow rate of 0.6 L/s, the THTC and
TMTC decreased from 26.28 to 23.39 W/m2 K, and from 15.52×10-3 to 13.13×10-3 m/s,
respectively when the outdoor humidity increased from 60% to 80%. Meanwhile, at the
flow rate of 0.6 L/s and outdoor humidity fixed at 70%, THTC and TMTC respectively
decreased from 24.95 to 22.49 W/m2 K, and from 14.55×10-3 to 13.18×10-3 m/s when the
outdoor temperature increased from 1.7 to 8 ᵒC.
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Table 4.5 THTC and TMTC for the cross flow MEE under summer and winter
conditions and various flow rates
Summer conditions
THTC (W/m2 K)

TMTC (m/s)

Flow rate

Flow rate

Conditions
0.3 L/s 0.6 L/s 0.9 L/s 0.3 L/s

0.6 L/s

0.9 L/s

13.23

21.67

22.52

8.97×10-3

12.99×10-3 15.47×10-3

T 32.5 ᵒC, RH 70% 11.84

20.28

22.36

7.59×10-3

12.51×10-3 14.99×10-3

T 30 ᵒC, RH 70%

11.72

19.12

21.20

7.58×10-3

12.61×10-3 15.01×10-3

T 35 ᵒC, RH 60%

11.93

20.22

21.96

7.32×10-3

12.46×10-3 15.22×10-3

T 35 ᵒC, RH 80%

13.55

22.02

23.67

8.67×10-3

12.84×10-3 15.98×10-3

T 1.7 ᵒC, RH 70%

14.96

24.95

33.12

8.87×10-3

14.55×10-3 18.24×10-3

T 5 ᵒC, RH 70%

13.40

23.54

31.99

9.70×10-3

13.91×10-3 16.61×10-3

T 8 ᵒC, RH 70%

13.04

22.49

31.04

9.08×10-3

13.18×10-3 16.38×10-3

T 1.7 ᵒC, RH 60%

15.31

26.28

34.06

9.57×10-3

15.52×10-3 19.99×10-3

T 1.7 ᵒC, RH 80%

14.74

23.39

30.80

9.60×10-3

13.13×10-3 16.03×10-3

T 35 ᵒC, RH 70%

Winter conditions

4.3.1.3 Thermal transfer resistance and total energy recovered
Fig. 4.9 shows the influences of the outdoor air conditions on the thermal transfer
resistance at various summer conditions and flow rates. The increase in the flow rate
would result in a decrease in the thermal transfer resistance as the convective heat transfer
coefficient increased. The thermal transfer resistance decreased with increasing outdoor
RH. For the outdoor temperature of 35 ºC and the flow rate of 0.6 L/s, the thermal transfer
resistance decreased from 309 to 206 ºC /W as the outdoor RH increased from 60% to
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80%. It can be also observed that the thermal transfer resistance increased as the outdoor
air temperature increased. For instance, at the flow rate of 0.6 L/s and outdoor air RH of
70%, the thermal transfer resistance increased from 206 to 232 ºC /W when the outdoor
temperature increased from 30 to 35 ºC. The thermal transfer resistance is proportional to
the logarithmic temperature difference and inversely proportional to the total heat transfer
as presented in Eq. (4.8). For summer conditions, the thermal resistance decreased when
increasing the outdoor RH as the total heat transfer increased. While increasing the
outdoor temperature resulted in an increase in both the logarithmic temperature difference
and the total heat transfer. However, the increase in the logarithmic temperature
difference overcomes the increase in the total heat transfer. Therefore, the thermal
resistance increased when increasing the outdoor temperature.

Heat transfer resistance (oC/W)

600
Flow rate 0.3 L/s

550

Flow rate 0.6 L/s

Flow rate 0.9 L/s

500
450
400
350
300
250
200
150
T 35 C, RH
70%

T 32.5 C, RH
70%

T 30 C, RH
70%

T 35 C, RH
60%

T 35 C, RH
80%

Fig. 4.9 Variations in the thermal transfer resistance under the summer weather
conditions and various operating parameters.
Fig. 4.10 shows the influences of the outdoor air conditions on the total energy
recovered at different summer conditions and flow rates. The total energy recovered was
significantly affected by the flow rate, and it was increased when increasing the air flow
rate. The total energy recovered under the outdoor air conditions of 35 ºC and RH 70%
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increased from 16 to 42.6 W when the flow rate increased from 0.3 to 0.9 L/s. It can be
also observed that the outdoor air temperature affected the total energy recovered
positively. The total energy recovered increased from 23.1 to 42.6 W when the outdoor
air temperature increased from 30 to 35 ºC under the same outdoor humidity of 70% and
the flow rate of 0.9 L/s.

Energy recovered (W)

56.00

Flow rate 0.3 L/s

Flow rate 0.6 L/s

Flow rate 0.9 L/s
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T 35 C, RH
60%

T 35 C, RH
80%

Fig. 4.10 Variations in the total energy recovered for the summer weather
conditions under various operating parameters.
Fig. 4.11 shows the influences of the outdoor air conditions on the thermal transfer
resistance at various winter conditions and flow rates. Unlike the summer conditions, the
thermal transfer resistance of the winter conditions increased as the outdoor humidity
increased. For example, at the flow rate of 0.3 L/s and outdoor air temperature of 1.7 ºC,
increasing the outdoor air RH from 60% to 80% would increase the thermal transfer
resistance from 993.6 to 1106.7 ºC /W.
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Fig. 4.11 Variations in the thermal transfer resistance under the winter weather
conditions and various operating parameters.
Fig. 4.12 shows the influences of the outdoor air conditions on the total energy
recovered at various winter conditions and flow rates. The trend of the total energy
recovered versus the flow rate for the winter conditions was similar to that of the summer
conditions. The variation of the total energy recovered with the outdoor air temperature
for the winter conditions showed an opposite trend to that exhibited for summer
conditions. The total energy recovered decreased from 24.4 to 16.4 W when the outdoor
temperature increased from 1.7 to 8 ºC under the outdoor air humidity of 70% and the
flow rate of 0.9 L/s.
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Fig. 4.12 Variations in the total energy recovered for the winter weather
conditions under various operating parameters.
4.3.2 Performance evaluation of MEE under various flow configurations
The performance of the mixed-flow MEE was evaluated in terms of thermal
performance, hydrodynamic performance, and energy performance.
4.3.2.1 Thermal performance
The temperature and humidity were presented to examine the influence of the
hybrid configurations on the outlet air properties of each air stream. The temperature and
humidity of the outlet air in both supply and exhaust channels are provided in Table 4.6.
As expected, the increase in the flow rate resulted in the increase in the outlet air
temperature and humidity of the supply air stream and the decrease in the outlet air
temperature and humidity for the exhaust air stream. The temperature and humidity
followed the same general trends for all seven flow arrangements.
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Table 4.6 Air conditions at the outlet of the exhaust and supply channels under
various flow rates and flow configurations
Case
1
2
3
4
5
6
7

Teo (ᵒC)
Tso (ᵒC)
Teo (ᵒC)
Tso (ᵒC)
Teo (ᵒC)
Tso (ᵒC)
Teo (ᵒC)
Tso (ᵒC)
Teo (ᵒC)
Tso (ᵒC)
Teo (ᵒC)
Tso (ᵒC)
Teo (ᵒC)
Tso (ᵒC)

0.3
34.1
25.8
33.9
26.0
33.7
26.2
33.5
26.2
33.4
26.3
33.3
26.4
33.2
26.9

Flow rate (L/s)
0.6
0.9
33.5 33.0
26.4 26.9
33.3 32.9
26.5 27.0
33.1 32.6
26.7 27.4
33.0 32.5
26.8 27.5
32.7 32.3
26.9 27.5
32.8 32.4
26.9 27.7
32.7 32.0
27.2 27.8

1.2
32.4
27.4
32.4
27.5
32.2
27.7
32.0
28.0
31.8
27.9
31.9
28.1
31.5
28.2

weo (g/kg)
wso (g/kg)
weo (g/kg)
wso (g/kg)
weo(g/kg)
wso (g/kg)
weo (g/kg)
wso (g/kg)
weo (g/kg)
wso (g/kg)
weo (g/kg)
wso (g/kg)
weo (g/kg)
wso (g/kg)

0.3
25.88
11.87
25.55
12.13
25.17
12.46
24.91
12.53
24.62
12.59
24.49
12.72
23.50
13.70

Flow rate (L/s)
0.6
0.9
24.68 23.57
13.00 14.08
24.31 23.35
13.29 14.36
23.88 23.07
13.62 14.77
23.80 22.79
13.79 14.96
23.17 22.27
13.81 14.85
23.34 22.35
13.97 15.14
22.30 21.31
14.61 15.30

1.2
22.51
15.09
22.48
15.18
22.24
15.52
21.92
15.98
21.51
15.75
21.79
16.25
20.70
16.00

The temperatures varied from 34.1 to 31.5 ᵒC for the exhaust air side and from 25.8
to 28.2 ᵒC for the supply air side, while the outlet air humidity changed from 25.88 to
20.70 g/kg for the exhaust channel and from 11.87 to 16.00 g/kg for the supply channel.
For the exhaust air stream, the highest temperature and humidity were found to be 34.1
ᵒC and 25.88 g/kg respectively in Case 1 at the flow rate of 0.3 L/s, while the lowest
values of the temperature and humidity were 31.5 ᵒC and 20.70 g/kg in Case 7 at the flow
rate of 1.2 L/s. In the supply channels, the trends were opposite as the lowest temperature
(25.8 ᵒC) and humidity (11.87 g/kg) were observed in Case 1 at the flow rate of 0.3 L/s,
and the highest values (28.2 ᵒC, 16.00 g/kg) were found in Case 7 at the flow rate of 1.2
L/s.
The variations of the SHTE, LHTE, and THTE with the change of the flow rate for
the investigated configurations are presented in Fig. 4.13. It can be seen that the flow rate
had a significant impact on the SHTE, LHTE, and THTE, which all were inversely
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proportional to the increase of the flow rate. This is because the flow resident time inside
the exchanger decreased with the increase in the flow rate. The variations of the
effectiveness of the hybrid configurations were relatively more noticeable than that for
the pure cross flow configuration. For example, the THTE of Case 1 decreased from
89.3% to 71.5% as the flow rate increased from 0.3 to 1.2 L/s. In meanwhile, the THTE
of Case 7 (i.e. pure cross flow) varied from 77.9% to 63.7% (Fig. 4.13c).
For the seven cases studied, the variation trends of the SHTE, LHTE and THTE
were similar. However, the SHTE was the highest among the three effectiveness under
the same flow configuration and flow rate, whilst the LHTE was the lowest one as the
mass diffusivity was higher than the thermal diffusivity. The maximum values of the
SHTE, LHTE and THTE were 91.2%, 88.9% and 89.3% respectively at Case 1 when the
flow rate was 0.3 L/s. However, the lowest values of the three effectiveness were 66.45%,
63.1% and 63.67% respectively at Case 7 (i.e. pure cross flow) when the flow rate was
1.2 L/s.
It can be also seen that the hybrid cases showed better effectiveness as compared to
the pure cross flow. However, the performance enhancement was more obvious in the
identical entrance ratio cases (i.e. Cases 1, 2, 3) and the effectiveness increased as the
entrance ratio decreased. For instance, the SHTE, LHTE and THTE of Case 1 increased
by 12.3%, 15.1% and 14.6% respectively when the flow rate was 0.3 L/s while those
values for Case 4 were 6.8%, 9.3% and 8.8% respectively under the same flow rate, as
compared to that of the pure cross flow.
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Fig. 4.13 Variations in the three effectiveness under different flow rates and
flow configurations.

The other key parameters, including THTC and TMTC are presented in Table 4.7.
It can be seen that the THTC was higher than the TMTC for all the cases. On the other
hand, both the THTC and TMTC were nearly proportional to the flow rate. For instance,
the THTC increased from 31.61 to 38.60 W/m2 K, and the TMTC increased from
23.35×10-3 to 25.93×10-3 m/s at Case 1 when the flow rate increased from 0.3 to 1.2 L/s.
The highest values of the THTC and TMTC were 38.60 W/m2 K and 25.93×10-3 m/s
respectively at Case 1 when the flow rate was 1.2 L/s. However, the lowest values of both
numbers were 13.24 W/m2 K and 9.01×10-3 m/s respectively at Case 7 when the flow rate
was 0.3 L/s.
From the above analysis, it can be concluded that Case 1 with a Z-shape hybrid
flow of the supply stream and И- shape hybrid flow of the exhaust stream offered the
highest thermal performance.
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Table 4.7 THTC and TMTC for seven flow configurations under various flow
rate conditions.
THTC (W/m2 K)
Flow rate (L/s)
Case
0.3

0.6

0.9

1.2

1

31.61

37.30

38.15

38.60

2

26.11

32.24

34.67

36.21

3

21.54

27.49

29.83

32.08

4

20.03

26.10

27.61

28.73

5

18.31

23.39

26.03

27.95

6

17.04

23.22

25.59

27.23

7

13.24

21.25

22.72

24.30

TMTC (m/s)
1

23.35×10-3

25.56×10-3

25.57×10-3

25.93×10-3

2

19.55×10-3

22.39×10-3

23.58×10-3

24.51×10-3

3

16.15×10-3

19.46×10-3

21.21×10-3

22.62×10-3

4

14.96×10-3

18.61×10-3

19.84×10-3

20.39×10-3

5

13.89×10-3

16.80×10-3

18.74×10-3

19.94×10-3

6

13.10×10-3

16.77×10-3

18.18×10-3

19.37×10-3

7

9.01×10-3

13.03×10-3

15.50×10-3

17.49×10-3

4.3.2.2 Hydrodynamic performance
The hydrodynamic performance of the exchanger was investigated by determining
the pressure drop along the flow channel for different flow configurations and various
flow rates (Fig. 4.14). In general, the pressure drop increased with the increase of the flow
rate as the shear stress on the membrane surface increased. It can be also observed that
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the entrance ratio influenced the pressure drop negatively. For a given flow rate,
decreasing the entrance ratio resulted in an increase in the flow velocity and generating
the vortex zones. The recirculation zones disturbed the flow stream and might turn the
flow from laminar into turbulent. The turbulent flow featured with a high boundary layer
skin friction can increase the drag, and as a result increased the pressure drop.
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Fig. 4.14 Variations of the pressure drop of mixed-flow channels under various
entrance ratios and flow rates.
4.3.2.3 Energy performance evaluation
The energy analysis for the studied MEE was conducted in order to understand the
benefit of the proposed hybrid configurations. This analysis was carried out based on the
recovered energy and consumed energy. The consumed energy was mainly due to the fan
power consumption. Fig. 4.15 presents the variations in the total energy recovered with
the variation of the flow rates for all investigated flow configurations. The total energy
recovered increased with the increase in the flow rate, and the total energy recovered was
in the range of 16.2-59.1 W. The amount of energy recovered by the MEE in Case 1 was
12.8%, 11.6%, 10.1% and 8.4% higher under the flow rates of 0.3, 0.6, 0.9 and 1.2 L/s
respectively than that of the test case 7 with the pure cross flow configuration.
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Fig. 4.15 Variations of total energy recovered under different flow rates and
various flow configurations.
The power consumed by the fans of the MEE is shown in Fig. 4.16. The variation
trends of the energy consumption were similar to those of the recovered energy as the
pressure drop increased with the increase of the flow rate. However, the fan power
consumption was significantly less than the total energy recovered. In addition, the
entrance ratio and the channel shape did not show a significant impact on energy
consumption at low flow rate conditions. To sum up, both the recovered energy and
consumed energy were a function of the flow rate and flow configuration. A lower flow
rate offered a lower pressure drop while a higher flow rate resulted in a high capacity for
energy recovery.
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Fig. 4.16 Variations of the fan power consumption under different flow rates and
flow configurations.
As a summary, the thermal performance of the investigated hybrid flow
configurations outperformed the pure cross flow configuration. The Z-shape hybrid flow
of the supply air stream and И-shape hybrid flow of the exhaust side at the entrance ratio
of 0.25 offered the maximum values of the thermal performance and the recovered
energy.

4.4 Summary
This chapter presented the performance evaluation of an MEE under various operating
conditions and mixed-flow configurations through experimental investigation, based on
a laboratory-scale test setup. The test matrix was designed to execute 30 experiments
under various operating parameters and 28 experiments under various mixed-flow
configurations.
The results showed that for the cooling mode (summer conditions), the SHTE decreased
slightly with decreasing both the outdoor air temperature and RH, while the LHTE and
THTE were barely affected by the outdoor air temperature and RH. For the heating mode
(winter conditions), the SHTE and THTE decreased slightly when increasing outdoor air
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temperature and humidity, while the LHTE at the outdoor temperature of 1.7 ºC and flow
rate of 0.9 L/s decreased more obvious from 72.7 to 68% when the outdoor RH increased
from 60 to 80%. Unlike the outdoor conditions, all three types of effectiveness were
strongly decreased with increasing air flow rate.
A total of seven different flow configurations were studied including one pure cross
flow and six mixed-flow configurations. The results indicated that the thermal
performance was improved as the flow rate and entrance ratio decreased. The Z-shape
hybrid flow (Case 1) of the supply air stream and И-shape hybrid flow of the exhaust side
at the entrance ratio of 0.25 yielded the maximum thermal performance as the THTE
increased by 14.6% when the flow rate was 0.3 L/s, as compared to that of the pure cross
flow. The hydrodynamic performance investigation showed that the pressure drop was
inversely proportional to the entrance ratio while the flow rate influenced the pressure
drop positively. The energy analysis showed that the total energy recovered increased as
the flow rate increased. A high flow rate was generally preferable for high energy saving
applications.
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Chapter 5 Numerical

investigation

and

performance

evaluation of an air-to-air membrane enthalpy exchanger

The actual measurements are the most reliable method to assess the performance of
the MEE. In Chapters 3 and 4, the performance of the MEE was assessed under various
operating and design parameters by measuring the conditions (i.e. temperature and
humidity) of the outlet air streams. However, measuring those conditions on the
membrane surface was generally difficult. On the other hand, performing practical tests
under a wide range of operating and design conditions is also challenging as the process
would be expensive and time consuming. Therefore, numerical modelling can be a
feasible solution to overcome those issues once the model is validated with the
experimental results.
Finite difference method (Min and Su, 2010a; Min and Su, 2010b; Min and Su, 2011;
Min and Duan, 2015) and finite volume method (Zhang, 2010b; Zhang and Chen, 2011;
Zhang et al., 2010; Al-Waked et al., 2018) have been widely used to predict the
performance of the MEE and illustrate the distributions of physical quantities on the
membrane surface. This chapter therefore presents numerical investigations to further
understand the heat and moisture transfer processes of the modified membrane presented
in Chapter 3 and to evaluate the performance of the MEE presented in Chapter 4 under
various operating and design conditions.
This chapter is structured as follows. Section 5.1 describes the research method used
in this chapter including the development of the numerical models and the boundary
conditions. Section 5.2 presents the modelling results and discussion, and Section 5.3
summarises the main findings of this chapter.
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5.1 Research method
5.1.1 Outlines of the method
The numerical modelling presented in this chapter was conducted using two methods
including 2-D finite difference model and 3-D finite volume method (CFD). The first
method was used to study the scenarios that require variable moisture diffusivity of the
membrane, while the second method was implemented to investigate the scenarios with
various design parameters including flow configurations, entrance ratio and membrane
aspect ratio. Fig. 5.1 shows the methods and the study cases investigated in this chapter.

Fig. 5.1 The numerical modelling methods and the investigated cases.
5.1.2 Finite difference model
The schematic of the cross flow ait-to-air MEE is shown in Fig. 5.2. The two air
streams were separated by semi-permeable membranes that allowed the transfer of both
heat and moisture between the air streams. Since the geometry of the exchanger is
symmetrical, the calculating domain can consist of half of the volume of the supply air
stream channel, the separating membrane and half of the volume of the exhaust air stream
channel. The dimensions of the exchangers used in the current investigations were
detailed in Section 3.2.4 of Chapter 3 and Section 4.1 of Chapter 4.
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Fig. 5.2 Schematic of the cross flow MEE for the numerical simulations.
The calculating domain and the coordinate system implemented in the modelling are
shown in Fig. 5.2. Several assumptions were adopted to simplify the modelling as
following:

the enthalpy exchanger operated under laminar flow and steady state

conditions; the thermal properties of the air were constant; heat/moisture was not
transferred from/to the exchanger but only transferred perpendicular to the membrane.
Typically, the heat and moisture balance for the supply side and exhaust side was
given as follows.
Supply side:
𝑚̇𝑠 𝑐𝑝 𝜕𝑇𝑠
𝑦𝑜

𝑚̇𝑠 𝜕𝑤𝑠
𝑦𝑜

. 𝑑𝑥𝑑𝑦 = −2𝑈ℎ (𝑇𝑠 − 𝑇𝑒 ). 𝑑𝑥𝑑𝑦

(5.1)

. 𝑑𝑥𝑑𝑦 = −2𝑈𝑚 𝜌𝑎 (𝑤𝑠 − 𝑤𝑒 ). 𝑑𝑥𝑑𝑦

(5.2)

𝜕𝑥

𝜕𝑥

Exhaust side:
𝑚̇𝑒 𝑐𝑝 𝜕𝑇𝑒
𝑥𝑜

𝑚̇𝑒 𝜕𝑤𝑒
𝑥𝑜

. 𝑑𝑥𝑑𝑦 = 2𝑈ℎ (𝑇𝑠 − 𝑇𝑒 ). 𝑑𝑥𝑑𝑦

(5.3)

. 𝑑𝑥𝑑𝑦 = 2𝑈𝑚 𝜌𝑎 (𝑤𝑠 − 𝑤𝑒 ). 𝑑𝑥𝑑𝑦

(5.4)

𝜕𝑦

𝜕𝑦

145

The total heat/moisture transfer coefficients can be determined by Eq. (5.5) and (5.6)
respectively (Liu et al., 2016a). The convective heat/moisture transfer coefficients can be
determined based on Eqs. (5.7) and (5.8) respectively (Zhang, 2007a). For MEEs with
laminar flow and a conjugate boundary condition of the constant temperature, the Nusselt
number (Nu) was taken as 7.54 (Min and Duan, 2015; Min and Duan, 2016). The value
of Lewis number (Le) can be assumed as 0.85 for the air under the temperature condition
of 0-40 ºC (Min and Duan, 2015; Min and Duan, 2016). The Sherwood number (Sh) is
related to the Nusselt number and Lewis number according to the Chilton-Colburn
analogy as given in Eq. (5.9) (Niu and Zhang, 2001). The heat and moisture fluxes across
the membrane can be determined from Eqs. (5.10) and (5.11), respectively (Zhang et al.,
2000).
𝑈ℎ = [ℎ

1

𝑐𝑜,𝑠

𝑈𝑚 = [ℎ

1

𝑚,𝑠

+ℎ

−1

1

𝑐𝑜,𝑒

+𝐷

]

𝛿

𝑚𝑒𝑚

ℎ𝑐𝑜,𝑠 = ℎ𝑐𝑜,𝑒 =
ℎ𝑚,𝑠 = ℎ𝑚,𝑒 =

(5.5)

+ℎ

1
𝑚,𝑒

−1

]

(5.6)

𝑁𝑢 𝜆𝑎

(5.7)

𝐷ℎ
𝑆ℎ 𝐷𝑎

(5.8)

𝐷ℎ

1

𝑆ℎ = 𝑁𝑢𝐿𝑒 −3

(5.9)

𝑞 = 𝑈ℎ (𝑇𝑠 − 𝑇𝑒 )

(5.10)

𝐽 = 𝜌𝑎 𝑈𝑚 (𝑤𝑠 − 𝑤𝑒 )

(5.11)

where hco is the convective heat transfer coefficient and hm is the convective moisture
transfer coefficient.
The heat and moisture transfer between the two air streams was simplified by using
the following dimensionless.
𝑥

𝑥∗ = 𝑥

(5.12)

𝑜
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𝑦

𝑦∗ = 𝑦

(5.13)

𝑜

𝑁𝑇𝑈ℎ =
𝑁𝑇𝑈𝑚 =

𝐴𝑡 𝑈ℎ

(5.14)

𝑐𝑝 𝑚̇𝑠,𝑒
𝜌𝑎 𝐴𝑡 𝑈𝑚

(5.15)

𝑚̇𝑠,𝑒

where NTUh and the NTUm are the total number of sensible and latent transfer units,
respectively,
The simplified dimensionless governing equations then became Eqs. (5.16), (5.17),
(5.18) and (5.19).
Supply side:
𝜕𝑇𝑠

+ 2𝑁𝑇𝑈ℎ (𝑇𝑠 − 𝑇𝑒 ) = 0

(5.16)

+ 2𝑁𝑇𝑈𝑚 (𝑤𝑠 − 𝑤𝑒 ) = 0

(5.17)

𝜕𝑥 ∗
𝜕𝑤𝑠
𝜕𝑥 ∗

Exhaust side:
𝜕𝑇𝑒
𝜕𝑦 ∗
𝜕𝑤𝑒
𝜕𝑦 ∗

− 2𝑁𝑇𝑈ℎ (𝑇𝑠 − 𝑇𝑒 ) = 0

(5.18)

− 2𝑁𝑇𝑈𝑚 (𝑤𝑠 − 𝑤𝑒 ) = 0

(5.19)

The normalised governing equations were solved under the inlet boundary conditions
presented in Eqs. (5.20) and (5.21).

𝑇𝑠 = 𝑇𝑠𝑖 𝑎𝑛𝑑 𝑤𝑠 = 𝑤𝑠𝑖 , 𝑎𝑡 𝑥 ∗ = 0

(5.20)

𝑇𝑒 = 𝑇𝑒𝑖 𝑎𝑛𝑑 𝑤𝑒 = 𝑤𝑒𝑖 , 𝑎𝑡 𝑦 ∗ = 0

(5.21)

The moisture diffusivity of the membrane (Dmem) was varied with the local air
conditions according to a linear regression which can be found in Section 3.4.3 of Chapter
3.
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A finite difference method was used to discretise the governing equations. The
computational domain was divided into a number of individual control volumes. The
number of control volumes was set to be 100 for both x and y directions.
5.1.3 Finite volume model (CFD)
5.1.3.1 Module geometry
The geometry of the mixed-flow MEE is shown in Fig. 5.3. It is comprised of adjacent
supply and exhaust air channels that are separated by semi-permeable membranes (i.e.
PVDF45). The membrane allows water vapour and heat transfer between the two air
streams. The air streams exchange sensible and latent heat as they flow in the channels
due to the difference in the temperature and humidity on both sides of the membrane.

Fig. 5.3 Schematic of the mixed-flow air-to-air membrane enthalpy exchanger.
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The exhaust air enters the exchanger from the right-lower corner and leaves at the
left-upper corner. While, the supply air comes through the supply air header at the topleft corner and leaves from the bottom-right corner. The inlets and outlets of each stream
are identical, and have a span of xi and zi, which are smaller than the membrane
dimensions of xo and zo. The physical domain consists of the membrane plate and two
adjacent air channels in the y-direction. It is assumed that the mid-planes of the air
channels are planes of symmetry and the other walls are adiabatic. The entrance ratio,
which is the ratio between the inlet span to the span of the exchanger core, is varied
between 0.1 and 1. For all the simulations, the entrance ratio value was identical for both
the supply and exhaust channels. The structure and physical parameters of the mixedflow MEE were taken that described in Section 4.1 of Chapter 4 and the mean moisture
diffusivity of the PVDF45 membrane was taken that listed in Table 3.3 of Chapter 3.
5.1.3.2 Governing equations
In the proposed geometry, the calculation domain can be divided into three subdomains, i.e. a half-channel of exhaust air, the membrane and a half-channel of supply
air. In all the simulated cases the Reynolds number was lower than 2000, and the flow
can be therefore assumed as laminar. The membrane is a porous membrane and the vapour
water transfer between the two sides is driven by the vapour pressure gradient. It is also
assumed that air is a Newtonian fluid with constant physical properties, and the thermal
resistance and moisture transfer resistance of the membranes are constant and isotropic.
The 3-D form of the dimensionless continuity, momentum, energy and mass
equations can be described as follows (Zhang et al., 2010; Zhang, 2010b):
Continuity equation
∂u*

∂v*

∂w*

+ + ∂z* =0
∂x* ∂y*

(5.22)
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Momentum conservation equations

u*
u*
u*

∂u*

∂u*

∂u*

∂p*

∂2 u*

∂2 u*

∂2 u*

∂x

∂y

∂z

∂x

∂x

∂y

∂z*2

+v*
*

+w*
*

=*

+[
*

+
*2

+
*2

∂v*

∂v*

∂v*

∂p*

∂2 v*

∂2 v*

∂2 v*

∂x

∂y

∂z

∂y

∂x

∂y

∂z*2

+v*
*

+w*
*

=*

+[
*

+
*2

+
*2

]

]

∂w*

∂w*

∂w*

∂p*

∂2 w*

∂2 w*

∂2 w*

∂x

∂y

∂z

∂z

∂x

∂y

∂z*2

+v*
*

+w*
*

=*

+[
*

+
*2

+
*2

(5.23)

(5.24)

]

(5.25)

Energy conservation equation
1 ∂2 𝜃
∂2 𝜃
∂2 𝜃
* ∂𝜃
* ∂𝜃
* ∂𝜃
u * +v * +w * = [ *2 + *2 + *2]
∂x
∂y
∂z
Pr ∂x
∂y
∂z

(5.26)

Water vapour conservation equation

u*

∂𝜉

∂𝜉

∂𝜉

∂x

∂y

∂z

+v*
*

+w*
*

=
*

1

∂2 𝜉

∂2 𝜉

∂2 𝜉

+ ]
[ +
Sc ∂x*2 ∂y*2 ∂z*2

(5.27)

where u,v and w are the velocity components and x,y and z are the cartesian coordinates
The dimensionless quantities in the above equations are defined as follows:

x* =
y* =
z* =

x

y

(5.29)

2H
z

(5.30)

2H

u* =

2 uH

v* =

2 vH

(5.31)

𝜈

(5.32)

𝜈

w* =
p* =

(5.28)

2H

2 wH

(5.33)

𝜈

4p𝐻 2

(5.34)

𝜌𝑎 𝜈2
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θ=
𝜉=

T -Tei

(5.35)

Tsi -Tei
𝜔 -𝜔ei

(5.36)

𝜔si -𝜔ei

The dimensionless numbers Pr, Sc and Re are defined by Eqs. (5.37)- (5.39).
𝜈

Pr = 𝛼

(5.37)

𝜈

Sc = D

(5.38)

v

Re =

Umean Dh

(5.39)

𝜈

The Reynolds number is used to specify the flow type, and Umean is the mean flow
velocity at the entrance.
Inside the membrane, the heat and mass transfer is assumed to be 1-dimensional
(i.e. y-direction) due to the small thickness of the membrane. The membrane is also
considered isotropic in all directions. Therefore, steady state heat transfer in the
membrane can be described as follows.

∂2 𝜃𝑚
∂y*2
∂2 𝜉𝑚
∂y*2

=0

(5.40)

=0

(5.41)

The heat and mass fluxes at the surfaces of the membranes are governed by Eqs. (5.42)
and (5.43), respectively.
∂T

q =- λa ∂y |

surface

J =- 𝜌a 𝐷𝑣

∂𝑤

|

= - λmem

∂y surface

∂Tmem
∂y

|

(5.42)

surface

= - 𝜌a 𝐷𝑚𝑒𝑚

∂𝑤mem
∂y

|

surface
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(5.43)

5.1.3.3 Solution procedure
The governing partial differential equations in the above section were discretised
using a finite volume technique. A commercial CFD code ANSYS Fluent was
implemented to solve the problem. The 3-D computational domain was generated and
meshed with ANSYS ICEM CFD. Since the domain was regular, structured meshes were
created using a hexagonal unit volume. For the supply and exhaust air channels, 100 cell
units were generated in both the streamwise and spanwise directions, and 20 units were
used along with the height. The membrane also had 100 mesh units in both length and
width, and the thickness was divided into 10 grids. A grid sensitivity test showed that the
accuracy of the calculation was affected by less than 0.5 % when the mesh was refined
beyond this resolution.
The continuity, momentum and energy equations were discretised using the second
order upwind scheme. The SIMPLE algorithm was used to couple the velocity and
pressure. While ANSYS Fluent is configured to solve conjugate heat transfer problems
straightforwardly, solutions to conjugate mass transfer situations are more complex. In
this study, a method proposed in the open literature was applied to solve the conjugate
mass transfer problem. The heat versus mass transfer analogy was implemented as
described in [12, 19]. The membrane was modelled as a coupled wall, and the other
boundary conditions were taken to be as follows.
Supply air side: Tsi =35 ᵒC; wsi = 20 g/kg; Q = 0.1-1.0 L/s
Exhaust air side: Tei =25 ᵒC; wei = 10 g/kg; Q = 0.1-1.0 L/s
It is worth mentioning that the flow rate was specified for single channel.
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5.2 Results and discussion
5.2.1 The results from the membrane modification
In this section, the results of the numerical investigation of the membrane
modification effect on the performance and moisture transfer flux are presented.
5.2.1.1 Model validation
The numerical model was validated using the experimental data collected from the
tested membranes. Fig. 5.4 presents the predicted and measured absolute humidities at
the outlet of the exchanger. It can be seen that the predicted values were in good
agreement with those measured and the uncertainty of the predicted results varied
between +3.8% and -3.4%.

Fig. 5.4 Results of model validation with the outer dashed lines bound the errors.
5.2.1.2 Effects of the variable moisture diffusivity
The influence of the variable moisture diffusivity on membrane performance was
explored numerically. Two different scenarios were considered to predict the
effectiveness including the variable moisture diffusivity and the constant moisture
diffusivity. The constant value for each membrane was obtained by averaging the
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moisture diffusivities under various test conditions specified in Table 3.2 of Chapter 3,
while the variable moisture diffusivity for each membrane was obtained from the
correlations presented in Section 3.4.2 of Chapter 3. In this analysis, the exhaust air
conditions were maintained constant at 25 °C and 50% for the temperature and RH,
respectively. The supply air temperature was maintained at 35 °C while the RH varied
from 35% to 85%. Fig. 5.5 shows the variations of the predicted LHTE versus the change
in the RH of the supply air for the tested membranes. The results showed that the RH of
the supply air had a minimal influence on LHTE. For instance, the variable effectiveness
just slightly decreased from 52% to 50.8% for the HKUST-1@PVDF45 membrane, and
from 51.2% to 49.7% for the ZIF-8@PVDF45 membrane when the RH of the supply air
increased from 35% to 85%. On the other hand, the constant effectiveness of the HKUST1@PVDF45 membrane (51.4%) and ZIF-8@PVDF45 membrane (50.6%) was very
close.

Fig. 5.5 Variations of the predicted constant and variable moisture transfer
effectiveness with the changes in the supply humidity for the tested membranes.
Fig. 5.6 illustrates the predicted moisture transfer flux on the surface of the
membranes. The simulation was conducted under the supply air temperature of 35 °C and
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RH of 45%, while those conditions of the exhaust air were maintained at 25 °C and 50%,
respectively. The solid lines represented the predicted results of the constant moisture
diffusivity scenario and the dashed lines represented the predicted results of the variable
moisture diffusivity scenario. These plots showed that the maximum moisture transfer
flux occurred at the left bottom corner for all the tested membranes. This was attributed
to the interaction between the humid supply air with the less humid exhaust air in this
region. For all the tested membranes, the moisture transfer flux decreased along the
diagonal of the exchanger. The surface of the HKUST-1@PVDF45 membrane showed
the highest moisture transfer flux. This was consistent with the results presented in
Section 3.4.2 of Chapter 3, which showed that the HKUST-1@PVDF45 membrane
offered the highest moisture diffusivity, porosity, and hydrophilicity when compared to
the other membranes.

a) PVDF45 membrane.
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b) ZIF-8@PVDF45.

c) HKUST-1@PVDF45.
Fig. 5.6 Contour lines of the predicted moisture flux through the uncoated and
coated membranes for the constant and variable moisture diffusivity scenarios.
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5.2.2 The Results from the effects of the operating conditions
5.2.2.1 Model validation
The modelling accuracy was validated by comparing the results of the model with the
experimental results and the result is presented in Fig. 5.7. The simulations were
performed under the same operating parameters listed in Table 4.1 of Chapter 4. The
prediction results were found similar to the experimental data and the highest deviation
for the outdoor air temperature was 5.8 %, whereas it was 7.8% for the outdoor air
absolute humidity.

Numerical outlet Temperature (oC)

36

Supply air of summer weather
Supply air of winter weather
Exhaust air of summer weather
Exhaust air of winter weather

32
28
24
20

+ 4.1%

- 5.8%

16

12
8
4
4

8

12

16

20

24

Experimental outlet temperature

a) Outlet air temperature

157

28

(oC)

32

36

Numerical outlet humidity ratio (kg/kg)

0.030
0.025
0.020

Supply air of summer weather
Supply air of winter weather
Exhaust air of summer weather
Exhaust air of winter weather

0.015
+ 5.9%

- 7.8%

0.010
0.005
0.000
0.000

0.005
0.010
0.015
0.020
0.025
Experimental outlet humidity ratio (kg/kg)

0.030

b) Outlet air absolute humidity
Fig. 5.7 Results of model validation with the outer dashed lines bound the errors.
5.2.2.2 Effectiveness
Fig. 5.8 and Fig. 5.9 show the variations of the cross flow MEE effectiveness with
the variation of the outdoor air temperature at three different outdoor air relative humidity
values for the cooling and heating operating modes respectively. The SHTE, LHTE and
THTE were calculated based on the equations presented in Chapters 3 and 4. For both
cooling and heating operating modes, the outdoor air temperature slightly affected the
SHTE and LHTE, while the THTE varied more obvious with the changes of the outdoor
air temperature in particular at the heating operating mode. For instance, at RH 80% in
the heating mode, the THTE increased from 77.68% to 79.24% when the outdoor air
temperature increased from 0 ᵒC to 10 ᵒC. The highest values of the SHTE for both
operating modes occurred at the highest outdoor temperature. Oppositely, the lowest
values of the LHTE for both operating modes occurred at the highest outdoor temperature.
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Fig. 5.8 Variations of the MEE effectiveness with the changes in the outdoor
temperature under cooling operating mode.
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Fig. 5.9 Variations of the MEE effectiveness with the changes in the outdoor
temperature under heating operating mode.

Fig. 5.10 and Fig. 5.11 show the variations of the cross flow MEE effectiveness
with the variations of the outdoor air relative humidity at two different outdoor air
temperatures for the cooling and heating operating modes respectively. It is obvious that
the outdoor relative humidity showed a very limited effect on the SHTE for both operating
modes. The outdoor relative humidity hardly influenced the LHTE for the heating mode,
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while the influence on the LHTE for the cooling mode was more obvious. For the cooling
mode, the THTE decreased monotonously with the increase in the outdoor relative
humidity. For example, at the outdoor temperature of 30 ᵒC, the THTE dropped from
77.27% to 73.46% when the outdoor relative humidity increased from 40% to 90%.
Meanwhile, the THTE for the heating mode increased gradually with the increase in the
outdoor relative humidity. For instance, at the outdoor temperature of 8 ᵒC, the THTE
raised from 76.87% to 79.21% when the outdoor relative humidity increased from 40%
to 90%.
It can also be observed that for the cooling operating mode, the values of THTE
varied close to the values of the SHTE, while for the heating mode the values of the THTE
approached the values of the LHTE.
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Fig. 5.10 Variations of the MEE effectiveness with changes of the outdoor
relative humidity under cooling operating mode.
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Fig. 5.11 Variations of the MEE effectiveness with changes of the outdoor
relative humidity under heating operating mode.

5.2.2.3 Distributions of heat and moisture fluxes
The heat and moisture fluxes on the membrane surface were obtained from the
numerical approach. The calculations were performed at various outdoor air temperature
and RH values in the summer and winter conditions. For all the simulated cases, the
supply/exhaust air flow rate was maintained at 1.5 L/s. The supply air stream flowed with
the x-direction i.e. from the left to the right, while the exhaust air stream proceeded with
the y-direction, i.e. from the bottom to the top.
Fig. 5.12 compares the contour distributions of the transferred heat flux calculated for
the summer weather conditions at the outdoor temperature of 35 ºC with two RH values
of 60% and 80%. Positive heat flux can be observed on the membrane surface for both
cases as the heat transfer from the supply side (higher temperature) to the exhaust side
(lower temperature). The values of the contours for the case with 80 % RH were slightly
higher than those for the case with 60% RH mainly because of the differences in the
thermal properties of the air.
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Fig. 5.12 Transferred heat flux on the membrane surface under summer weather
conditions with the outdoor air temperature of 35 ºC and at two typical outdoor
RH values.

Fig. 5.13 compares the contour distributions of the transferred moisture flux
calculated for the summer weather conditions at the same temperature and RH conditions
as presented above. It can be seen that for both cases, the moisture flux was positive as
the moisture transferred from the supply side with higher absolute humidity to the exhaust
side with lower absolute humidity. The moisture flux contours of the case with 80%
outdoor RH were significantly higher than those of the case with 60% outdoor RH as the
higher RH offered higher moisture difference on the membrane sides.
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Fig. 5.13 Transferred moisture flux on the membrane surface under summer
weather with the outdoor temperature of 35 ºC and at two typical outdoor RH
values.

Fig. 5.14 compares the contour distributions of the transferred heat flux calculated for
the winter weather conditions at the outdoor temperature of 1.7 ºC with two RH values of
60% and 80%. The heat flux was negative indicating that the heat was transferred from
the exhaust side with higher temperature to the supply side with lower temperature. The
values of the heat flux contours for both cases were almost similar since the differences
in the thermal properties of the air at the low temperature (1.7 ºC) were small.
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Fig. 5.14 Transferred heat flux on the membrane surface under winter weather
conditions with the outdoor temperature of 1.7 ºC and at two typical outdoor RH
values.

Fig. 5.15 compares the contour distributions of the transferred moisture flux
calculated for the winter weather conditions at the outdoor temperature of 1.7 ºC with two
RH values of 60% and 80%. The moisture flux was negative indicating that heat was
transferred from the exhaust side (higher absolute humidity) to the supply side (lower
absolute humidity). The difference of the moisture flux contours for both cases was
insignificant in comparison to the difference between the contours for the summer cases
due to the variation of the RH at low air temperature did not cause a remarkable difference
in the humidity content of the air.
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Fig. 5.15 Transferred moisture flux on the membrane surface under winter
weather with the outdoor temperature of 1.7 ºC and at two typical outdoor
relative humidities.
For all the above cases, the heat and moisture fluxes reached their maximum values
at the lower-left corner, where the maximum temperature and moisture differences
between the supply and exhaust sides occurred. For both heating and cooling modes, the
heat and moisture fluxes decreased diagonally on the membrane surface.
5.2.3 The results from the mixed-flow configurations
5.2.3.1 Model validation
In order to examine the effectiveness of the CFD numerical model, the simulation
results were compared to the experimental data reported in Section 4.3.2 of Chapter 4.
The simulations were carried out for the experimental test cases listed in Table 4.2 of
Chapter 4. The comparison between the simulation and experimental results for both the
outlet air temperatures and absolute humidities are presented in Fig. 5.16, respectively.
The results showed a good agreement between the numerical results and the experimental
data with a maximum deviation of 2% for the temperature, and 5.8 % for the absolute
humidity. The root mean square error and the mean bias errors of the outlet temperature
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were estimated as 0.1 and 0.06, respectively. The relationship between the numerical and
experimental temperature can be considered highly correlated with a correlation
coefficient of 0.9987. The errors might result from using the bulk properties of the supply
and exhaust air streams.

Numerical outlet Temperature (oC)

35
34

Exhaust air
Supply air

33
32
31

+ 2%

30
29

- 2%

28
27
26
25
25

26

27

28
29
30
31
32
Experimental outlet temperature (oC)

33

34

35

Numerical outlet humidity ratio (kg/kg)

a) Outlet air temperature
0.027
0.025
0.023

Exhaust air
Supply air

0.021

+ 5.1%

0.019

- 5.8%

0.017
0.015
0.013
0.011
0.011

0.013

0.015 0.017 0.019 0.021 0.023
Experimental outlet humidity ratio (kg/kg)

0.025

0.027

b) Outlet air absolute humidity
Fig. 5.16 Comparison between simulation results and experimental data of the
supply and exhaust outlet air conditions of the mixed-flow configurations.
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5.2.3.2 Fluid flow field
To understand the flow behaviour inside the proposed flow configuration, a flow
field analysis was carried out. The mean velocity vectors of both supply and exhaust sides
for an entrance ratio of 0.5 and inlet volume flow rate of 0.5 L/s are illustrated in Fig.
5.17. Three distinct flow zones can be observed. In the central region of the channel, a
mixed flow regime between counter flow and cross flow was observed. The zones close
to the walls generally showed a counter flow pattern, whereas the regions near the inlets
and outlets tended to be cross flow.

Fig. 5.17 The velocity vectors for both Supply and exhaust sides at entrance
ratio of 0.5 and flow rate of 0.5 L/s.
The effect of the volume flow rate and the entrance ratio on the flow structure is
shown in Fig. 5.18. It can be seen that at a relatively high Reynolds number (entrance
ratio of 0.5 and flow rate of 0.5 L/s) there was a vortex established in Zone A near the
entrance due to the fact that the inertia force in this region was higher than the viscous
force (i.e. low friction coefficient). The width of the vortex A increased with the increase
in the inlet air velocity due to the increased flow momentum. Furthermore, at high
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Reynolds numbers a second recirculation zone was generated in the corner at the head of
the flow (Zone B).

Fig. 5.18 Streamlines of the flow at different entrance ratios and volume flow
rates.

5.2.3.3 Temperature and humidity distributions
Fig. 5.19 shows the dimensionless temperature field for both supply and exhaust
channels at the symmetry planes. The temperature contour for both sides was rather
complex, and the normalised temperature changed from 1.0 to 0.225 in the supply air
channel and from 0.0 to 0.796 on the exhaust side.
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Fig. 5.19 Dimensionless temperature profile on the symmetry planes of both
supply and exhaust sides at entrance ratio of 0.5 and flow rate of 0.5 L/s.
The normalised absolute humidity distribution for both air streams is presented in
Fig. 5.20. The humidity distribution was similar to that of temperature due to the
aforementioned heat-mass transfer analogy. However, the values between the two were
different as a result of the difference between the thermal resistance and the moisture
transfer resistance of the membrane material. Generally, the mass transfer resistance is
higher than the thermal transfer resistance due to the fact that the diffusion coefficient is
much lower than the thermal conductivity coefficient for most of the membrane materials.
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Therefore, the dimensionless humidity was in the range of 0.258 to 1.0 for the supply
channel and 0.0 to 0.768 for the exhaust side.

Fig. 5.20 Dimensionless humidity profile on the symmetry planes of both supply
and exhaust sides at entrance ratio of 0.5 and flow rate of 0.5 L/s.
5.2.3.4 Performance analysis
In this section, the effects of some key operating and design parameters (i.e. volume
flow rate, entrance ratio and aspect ratio) on the performance of this new mixed-flow
MEE were investigated while keeping other parameters constant. The SHTE and LHTE
were calculated based on the equations presented in Chapters 3 and 4. As revealed from
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the flow field analysis, the new mixed flow configuration consists of cross and counter
flow configurations in which the heat and moisture transfer effectiveness is a combination
of cross and counter flow configurations. Thus, it is expected that the effectiveness of the
mixed flow configuration will be higher than that of the cross flow but lower than that of
the counter flow configuration.
The influence of the volume flow rate on the SHTE and LHTE of different entrance
ratios is shown in
Fig. 5.21. In general, both SHTE and LHTE were inversely proportional to the
volume flow rate, and the SHTE was always higher than the LHTE. The SHTE and LHTE
of the mixed-flow MEE with the entrance ratio of 0.5 and the flow rate of 0.1 L/s were
higher by 6.0% and 6.2%, respectively, in comparison with cross flow.
Sensible heat transfer effectiveness
(SHTE)

100%
95%

Cross

Counter

90%

Entrance ratio 0.8

Entrance ratio 0.5

85%
80%

75%
70%
65%
60%
55%
0

0.2

0.4

0.6

Flow rate (L/s)

a) SHTE

171

0.8

1

1.2

Latent heat transfer effectiveness
(LHTE)

100%
95%

Cross

Counter

90%

Entrance ratio 0.8

Entrance ratio 0.5

85%
80%
75%
70%
65%
60%
55%
50%
0

0.2

0.4

0.6

0.8

1

1.2

Flow rate (L/s)

b) LHTE
Fig. 5.21 Effectiveness of the mixed-flow MEE under various flow rates and
entrance ratios.

The impacts of the various entrance ratios on the effectiveness and pressure drop of
the mixed-flow MEE are shown in Fig. 5.22 and Fig. 5.23, respectively. The SHTE and
LHTE of counter flow and cross flow were also plotted in Fig. 5.22 in the dashed boxes.
It can be seen that the effectiveness showed two different behaviours. The effectiveness
of the mixed-flow MEE was between that of the counter flow and cross flow, and the
effectiveness decreased with the increase in the entrance ratio at a low flow rate condition.
On the other hand, the effectiveness of the new mixed-flow MEE at the high flow rate
showed two behaviours. The effectiveness decreased as the entrance ratio increased when
the entrance ratio was less than 0.2. However, the effectiveness was slightly increased
and then almost maintained unchanged when further increasing the entrance ratio from
0.2 to 1.0.
The hydrodynamic characteristics of the system were examined by calculating the
pressure drop for different channel configurations under various volume flow rates (Fig.
5.23). It can be seen that the pressure drop increased as the flow rate increased for all
channel shapes due to the increase in the shear stress on the membrane surface.
172

It can also be seen that the pressure drop decreased as the entrance ratio increased
due to the decrease in the size of the entrance vortex evident in Fig. 5.18. The recirculation
zone might tend to turn the flow from laminar to turbulent in which the boundary layer
skin friction increased the drag and resulting in an increase in the pressure drop across
the channel.
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Fig. 5.22 Effectiveness of the mixed-flow MEE with various entrance ratios and
volume flow rates.
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Fig. 5.23 Variations of the pressure drop of the mixed-flow MEE with various
entrance ratios and volume flow rates.
The influence of the channel aspect ratio on the SHTE and LHTE of the mixedflow MEE is presented in Fig. 5.24. It can be seen that both the SHTE and LHTE
increased with the increase in aspect ratio, due to the increase in the transfer area. It can
also be observed that the effectiveness of the mixed-flow MEE with the entrance ratio of
0.8 was always between the effectiveness of counter flow and cross flow, and the
existence of the vortex did not appear to affect the overall performance. The SHTE and
LHTE of the mixed-flow MEE with the entrance ratio of 0.8 were 2.9-3.5% and 2.7-3.4%
higher than those of pure cross flow, respectively.
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Fig. 5.24 Variations of MEE effectiveness with various aspect ratios for
different flow configurations at a flow rate of 0.5 L/s.
5.3 Summary
This chapter investigated the impacts of the operating conditions and the design
parameters on the performance of the air-to-air MEE through mathematical modelling.
Two numerical techniques including the 2-D finite difference model and 3-D finite
volume method (CFD) were implemented. The first technique was implemented to
examine the effects of the operating conditions and the membrane modification on the
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MEE performance. While, the second one was implemented to examine the effects of the
flow configuration, entrance ratio and membrane aspect ratio on the MEE performance.
The validity of the models was examined by comparing the predicted results with the
experimental results presented in the previous chapters. The models were also able to
obtain the heat/moisture transferred fluxes distributions on the membrane surface for
different operating cases. The finite difference model implemented a variable value of the
membrane moisture diffusivity which was a function of the local air conditions on the
membrane surface. The results of the finite difference model showed that the HKUST1@PVDF45 membrane exhibited the highest moisture transfer flux, which was consistent
with the results of the moisture diffusivity and the membrane porosity presented in
Chapter 3. The variation in the outdoor humidity almost did not have any effect on the
heat flux through the membrane for the heating mode, but it showed a slight impact on
the heat flux for the cooling mode. Meanwhile, the impact of the outdoor humidity on the
moisture flux for the heating mode was insignificant as compared to its impact for the
cooling mode.
The results of the CFD simulation showed that the membrane surface can be divided into
three distinct zones. Mixed flow (somewhere between counter flow and cross flow)
occurred in the central part of the channel, relatively small counter flow zones close to
the walls, and cross flow near the inlets and outlets.
It was also found that at low flow rates and under the same operating and design
parameters, the effectiveness of the mixed flow configuration was lower than that of a
counter flow pattern but higher than that of a cross flow pattern. In addition, the
effectiveness decreased as the entrance ratio increased when the flow rate was relatively
low. In order to achieve better performance, i.e. closer to pure counter flow, this mixedflow MEE should have a small entrance ratio and work at low flow rate conditions.
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Chapter 6 Thermodynamic analysis and design optimisation
of a cross flow air-to-air membrane enthalpy exchanger
The literature review in Chapter 2 demonstrated that design optimisation of air-to-air
membrane enthalpy exchangers (MEEs) is essential to improving their overall
performance. This chapter therefore presents a thermodynamic analysis and a design
optimisation of a cross flow MEE. A new entropy generation expression for the MEE was
derived based on the second law of thermodynamics and the NTU-effectiveness method.
A parametric study was conducted to examine the effects of the operating conditions on
the entropy generation rates of the MEE. The parametric study was also used to determine
the proper objective function for the optimisation. The complexity of the problem was
then reduced by applying an appropriate global sensitivity analysis technique to identify
the significant variables to be used in the optimisation. The entropy generation
minimisation and genetic algorithm were lastly used to develop a design optimisation
method for MEEs.
This chapter is structured as follows. Section 6.1 presents the thermodynamic analysis
and the development of the entropy generation model. The design optimisation method is
described in Section 6.2. Section 6.3 presents the results of the model validation and
parametric study. Section 6.4 presents the results of the global sensitivity analysis and
design optimisation and Section 6.5 summarises the main findings of this chapter.
6.1 Thermodynamic analysis and model development
In the design and analysis of a thermal device, it is necessary to consider the lost
energy due to irreversibility (Zubair et al., 1987). The dissipation energy can be
determined by applying the second law of thermodynamics either from the entropy
generation or from the exergy analysis (Carrington and Sun, 1991). Recently, Gennestad
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et al. (Gjennestad et al., 2018) reported a performance assessment of an MEE under a
range of outdoor conditions by using exergy analysis and non-equilibrium
thermodynamics. The method enabled to identify the operating ranges in which the use
of the MEE did not show any benefit as the energy recovered was lower than the energy
cost. Al-Sulaiman (Al-Sulaiman, 2017a; Al-Sulaiman, 2017b) presented an exergy-based
thermodynamic model for performance evaluation of an HVAC system integrated with
an MEE. The results demonstrated that the total exergy of the system decreased by more
than 50% and the second law efficiency increased by more than 5% when the MEE was
used, as compared to that without using the MEE.
Thermodynamic design or entropy generation minimisation (EGM) is a promising
method for design optimisation which has been commonly applied for design and
operation optimisation of different types of heat exchangers (Huang et al., 2014b; Xiao
et al., 2019). However, the thermodynamic design optimisation of MEEs has not been
reported yet. The entropy generation of MEE is presented in the following section
6.1.1 Entropy generation analysis
The driving force for enthalpy transfer in an MEE is a combination of both
temperature and moisture differences between the two air streams across the membrane.
To undertake a thermodynamical analysis, a schematic as shown in Fig. 6.1 is used.
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Fig. 6.1 Schematic of a cross flow MEE.

Both the supply air stream (i.e. hot and humid) and exhaust air stream (i.e. cold and
less humid) as presented in Fig. 6.1 are moist air. Each air stream consisted of dry air and
water vapour and was assumed as a binary mixture of ideal gases. The entropy generation
rate (S̊ gen) of the MEE in Fig. 6.1 can be determined by Eq. (6.1).
̇ = 𝑚̇𝑠 (𝑠2 − 𝑠1 ) + 𝑚̇𝑒 (𝑠4 − 𝑠3 )
𝑆𝑔𝑒𝑛

(6.1)

where ṁ is the mass flow rate, s is the specific entropy, and the subscripts s, e, and 1-4
indicate supply, exhaust, and the states of the air according to Fig. 6.1, respectively.
For an ideal binary mixture, the specific entropy of the moist air can be expressed by
a set of intensive properties as shown in Eq. (6.2) (Bohren and Albrecht, 1998).
𝑠 = 𝑐𝑝,𝑑 𝑙𝑛 𝑇 − 𝑅𝑑 𝑙𝑛 𝑃𝑑 + 𝑤𝑐𝑝,𝑣 𝑙𝑛 𝑇 − 𝑤𝑅𝑣 𝑙𝑛 𝑃𝑣

(6.2)

where cp is the specific heat, T is the temperature, R is the gas constant, P is the pressure,
w is the absolute humidity which can be determined using Eq. (6.3) (Hammadi, 2018),
and the subscripts d and v indicate dry air and water vapour, respectively.

𝑤 = 0.622

𝑃𝑣

(6.3)

𝑃−𝑃𝑣
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Since the total pressure of the mixture is the sum of partial pressures of the two gases,
the pressure of the dry air can be written as Eq. (6.4).
𝑤

𝑃𝑑 = 𝑃(1 − 𝑤+0.622)

(6.4)

The general form of the entropy generation of the MEE can then be derived by
substituting Eqs. (6.2), (6.3) and (6.4) into Eq. (6.1).

𝑇2

̇ = 𝑚̇𝑠 〈𝑐𝑝,𝑑 𝑙𝑛 − 𝑅𝑑 𝑙𝑛
𝑆𝑔𝑒𝑛
𝑇
1

𝑇4

𝑚̇𝑒 〈𝑐𝑝,𝑑 𝑙𝑛 𝑇 − 𝑅𝑑 𝑙𝑛
3

𝑤4
)
𝑤4 +0.622
𝑤3
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)
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)
𝑤2 +0.622
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𝑃 𝑤
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〉
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(6.5)

6.1.2 Heat and moisture transfer modelling
A thermo-physical model was developed to perform the parametric study, sensitivity
analysis, and design optimisation. The following assumptions were made to develop the
model.
1. The convective coefficients of heat and moisture transfer are considered to be
constant in the whole MEE;
2. The variation in the thermodynamical properties of the air streams is negligible;
3. There is no heat loss to the ambient and no air leakage from the system; and
4. The flow is fully developed, and the Reynolds number is maintained below 2,000
to ensure the condition of the laminar flow.
Based on these assumptions, the outlet air temperatures (i.e. T4 and T2 as denoted in
Fig. 6.1) and the outlet absolute humidities (i.e. w4 and w2 as denoted in Fig. 6.1) can be
determined using Eqs. (6.6)-(6.9) (Zhang and Niu, 2001), respectively.

𝑇4 = 𝑇3 + 𝜀𝑠
𝑇2 = 𝑇1 − 𝜀𝑠

𝐶𝑚𝑖𝑛
𝐶𝑒
𝐶𝑚𝑖𝑛
𝐶𝑠

(𝑇1 − 𝑇3 )

(6.6)

(𝑇1 − 𝑇3 )

(6.7)
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𝑤4 = 𝑤3 + 𝜀𝑙
𝑤2 = 𝑤1 − 𝜀𝑙

𝑚̇𝑚𝑖𝑛
𝑚̇𝑒
𝑚̇𝑚𝑖𝑛
𝑚̇𝑠

(𝑤1 − 𝑤3 )

(6.8)

(𝑤1 − 𝑤3 )

(6.9)

where εs and εl are the sensible heat transfer effectiveness (SHTE) and latent heat transfer
effectiveness (LHTE) respectively, C is the heat capacity rate, Cmin is the minimum value
of Ce and Cs, and ṁmin is the minimum value of ṁe and ṁs.
The heat and moisture transfer effectiveness for a cross flow MEE can be determined
using the NTU- effectiveness method as expressed in Eqs. (6.10)- (6.13) (Nasif et al.,
2012; Zhang et al., 2000).
1

𝜀𝑠 = 1 − 𝑒𝑥𝑝 [(𝐶 ) . 𝑁𝑇𝑈ℎ0.22 {𝑒𝑥𝑝(−𝐶𝑡 . 𝑁𝑇𝑈ℎ0.78 ) − 1}]

(6.10)

𝐶𝑡 = 𝐶𝑚𝑖𝑛 ⁄𝐶𝑚𝑎𝑥

(6.11)

𝑡

1

0.22 {𝑒𝑥𝑝(−𝐶
0.78
𝜀𝑙 = 1 − 𝑒𝑥𝑝 [(𝐶 ) . 𝑁𝑇𝑈𝑚
𝑚 . 𝑁𝑇𝑈𝑚 ) − 1}]

(6.12)

𝐶𝑚 = 𝑚̇𝑚𝑖𝑛 ⁄𝑚̇𝑚𝑎𝑥

(6.13)

𝑚

where NTUh and the NTUm are the total number of sensible and latent transfer units,
respectively, which can be calculated as described in Section 5.1.2 of Chapter 5.
6.1.3 Fluid flow modelling
To determine the outlet pressures (𝑃2 , 𝑃4 ) for the supply and exhaust air streams, the
pressure drop across the MEE needs to be calculated using Darcy’s equation as presented
in Eq. (6.14). For the laminar flow, the friction factor (f), can be determined by Eq. (6.15)
(Incropera and Incropera, 2007).

∆𝑃 = 𝑓

𝜌𝑎 𝑈 2 𝑙𝑐
2

(6.14)

𝐷ℎ
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𝑓 = 𝑅𝑒

(6.15)

where U is the air velocity, and lc is the characteristic length of the MEE.
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6.2 Development of the design optimisation method
6.2.1 Outline of the optimisation method
This section aims to obtain the optimum values of the major design parameters of the
MEE. Fig. 6.2 illustrates the scheme of the optimisation method. The entire procedure of
the design optimisation consists of four steps. Firstly, the entropy generation and NTUeffectiveness models of the MEE were developed, and the objective functions/candidate
design parameters were identified. The second step was to select an appropriate objective
function through a parametric analysis. The next step was to apply an appropriate
sensitivity analysis technique to reduce the number of candidate design parameters and
determine the major design parameters to be optimised. Lastly, the optimisation was
executed to obtain the optimum values of the determined parameters. Genetic algorithm
(GA) as an evolutionary computation procedure, which is based on the principle of natural
selection and genetics (Mishra et al., 2009), was used to solve the design optimisation
problem of the MEE by implementing the global optimisation toolbox in MATLAB
(Chipperfield et al., 1994).
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Fig. 6.2 Scheme of the design optimisation method.
6.2.2 Objective function
Two dimensionless objective functions were first set to be the candidate objective
functions and the appropriate one for the optimisation process was then determined
through a parametric study. The first objective function was represented by the entropy
generation number (EGN). Commonly, Bejan number Ns, which can be obtained from
scaling the generated entropy on the maximum heat flow capacity, was employed to
determine the dimensionless entropy generation rate.
̇
𝑆𝑔𝑒𝑛

𝑁𝑠 = 𝐶

(6.16)

𝑚𝑎𝑥

The second objective was developed based on the definition of the dimensionless
entropy generation rate, which can be determined by non-dimensionalising the generated
entropy by the ratio of the heat transfer to the minimum temperature, as presented by
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Hesselgreaves (Hesselgreaves, 2000). This dimensionless factor is called modified
entropy generation number (Ns1) and is expressed in Eq. (6.17).
̇
𝑆𝑔𝑒𝑛

𝑁𝑠1 = 𝑄⁄ 𝑇

(6.17)

𝑚𝑖𝑛

where Q is the heat transfer in kW and Tmin is the minimum temperature in K
6.2.3 Sensitivity analysis technique
The design of an MEE can be influenced by several variables including channel
dimensions, membrane characteristics and operating conditions. Global sensitivity
analysis (GSA) is a process to quantify the impacts of the input variables on the outputs.
It has been widely used to examine the variations of the output response with respect to
the changes in the values of the input variables (Cannavó, 2012). Sobol GSA was used in
this chapter to explore the significance of each input variable and reduce the number of
variables to be used in the optimisation stage.
Based on the analysis of variance (ANOVA), this approach can determine the
sensitivity indices by calculating the ratio of the variance of each input variable to the
total output variance (Cannavó, 2012). The problem can be represented by a scalar output
u which has k input variables assembled in an input factor v, as shown in Eq. (6.18).
𝑢 = 𝑓(𝑣1 , 𝑣2 … … … 𝑣𝑘 )

(6.18)

where u represents the dimensionless entropy generation rate, and v1, v2 …..vk are the
variables influencing the design of the MEE. The total output variance V(u) is given in
Eq. (6.19) (Saltelli et al., 2000).
𝑉(𝑢) = ∑𝑘𝑖=1 𝑉𝑖 + ∑1≤𝑖<𝑗≤𝑘 𝑉𝑖 𝑗 + ⋯ … . . 𝑉1,2……𝑘

184

(6.19)

where Vi is the explained part of the output variance by the variable vi, Vi j is the explained
part of the output variance by the combination of the variables vi and vj, and V1, 2…..k are
the explained part of the output variance by the interaction of all the variables.
The Sobol’ indices are defined in Eqs. (6.20) and (6.21) (Fesanghary et al., 2009).
𝑉

𝑖
𝑆𝑖 = 𝑉(𝑢)

(6.20)
𝑉

−𝑖
𝑆𝑖𝑡 = 1 − 𝑉(𝑢)

(6.21)

where Si is the first order sensitivity index of the variable vi, Sit is the total sensitivity
index of the variable vi, and V-i is the sum of all the variances excluding those with the
index i. The above indices were computed using the Monte Carlo method (Fesanghary et
al., 2009).
6.2.4 Design constraints
To accomplish the optimisation problem and achieve a valid outcome, appropriate
constraints are essential to avoiding the unfeasible results due to the model mismatch and
process disturbance (Chachuat et al., 2008). The following constraints were employed in
this chapter to obtain the realistic values of the key design parameters.
•

The variation ranges of the parameters will be included in the optimisation
procedure such as the channel dimensions and the membrane characteristics. The
ranges of those variables were defined according to previous studies.

•

Two equality constraints were used to describe the minimum heat and moisture
transfer duty. The heat duty was calculated based on Eqs. (6.22) and (6.23)
(Mishra et al., 2009; Zhang and Niu, 2001).
𝑔1 (𝑋) → 𝜁(𝑋) − 𝑄𝑑

(6.22)
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𝜁(𝑋) = 𝑄 = 𝜀𝑠 𝐶𝑚𝑖𝑛 (𝑇1 − 𝑇3 )

(6.23)

Similarly, the minimum moisture removal rate (i.e. moisture transfer duty) was
calculated based on Eqs. (6.24) and (6.25) (Zhang and Niu, 2001).
𝑔2 (𝑋) → 𝜉(𝑋) − 𝑀𝑑

(6.24)

𝜉(𝑋) = 𝜀𝑙 𝑚̇𝑚𝑖𝑛 (𝑤1 − 𝑤3 )

(6.25)

6.3 Results from model validation and parametric study
6.3.1 Model validation
The effectiveness of the mathematical model was validated and compared with the
experimental results of a cross flow MEE. Fig. 6.3 shows the comparison between the
calculated data with the data reported in Ref. (Zhang et al., 2010) and the experimental
data for the cross flow MEE presented in Section 4.3.2 of Chapter 4. Generally, the
calculated data agreed well with the experimental results and the maximum deviations
were within 2.7% and 8.1% respectively for temperature and relative humidity.
34
Calculated supply air temperature
@ the conditions of [Zhang et al.]
Calculated exhaust air temperature
@ the conditions of [Zhang et al.]
Calculated supply air temperature
@ the conditions of Chapter 4
Calculated exhaust air temperature
@ the conditions of Chapter 4

Calculated temperature (oC)

33
32
31

+2.7%

30
-2 %
29
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27
26
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Experimental temperature ( C)

a) Supply and exhaust air outlet temperatures
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33

34

Calculated relative humidity (%)
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the conditions of [Zhang et al.]
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the conditions of [Zhang et al.]
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Calculated exhaust air humidity @
the conditions of Chapter 4

85
80
75

+ 8.1 %
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- 6.2 %
65
60
55
50

50

55

60
65
70
75
80
Experimental relative humidity (%)

85

90

b) Supply and exhaust air outlet relative humidity
Fig. 6.3 Comparison between the calculated results and experimental data.

6.3.2 Illustration example
The team UOW Solar Decathlon (SD) “Illawarra Flame House” with a conditioned
area of 68 m2 was targeted in this study. The house was designed to be occupied by two
people. The required ventilation air flow rate is around 190 m3/h based on the area of the
house and the carbon dioxide generated by the occupants as outlined in the DAIKIN ERV
Technical data (DAIKIN-ERV, 2019). The conditions of the supply air stream (outdoor)
were maintained close to the standard conditions provided in the AHRI standard 1060
(ANSI/ARI-1060, 2005). However, the absolute humidity of the supply air at summer
conditions (cooling mode) was slightly different from the standard ones to simulate more
extreme weather conditions. The conditions of the exhaust air were maintained at an
acceptable thermal comfort level. Table 6.1 summarises the operating conditions for both
supply and exhaust air streams in the summer and winter conditions.
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Table 6.1 Operating conditions of the supply and exhaust air streams in summer
and winter conditions
Case
Conditions
Summer case Inlet temperature (ᵒC)
(cooling mode) Inlet pressure (kPa)
Inlet absolute humidity
(g/kg)
Winter case
Inlet temperature (ᵒC)
(heating mode) Inlet pressure (kPa)
Inlet absolute humidity
(g/kg)

Supply air stream
35
100
24.98

Exhaust air stream
25
100
10.42

1.7
100
3.5

21
100
7.34

6.3.3 Results from the parametric analysis
A parametric analysis was carried out to examine the sensitivity of the entropy
generation rate against the changes in the operating conditions and the changes in the
effectiveness in order to determine the objective function to be used in the optimisation
procedure. Since an MEE has SHTE and LHTE, a suitable combination between them is
needed when the dimensionless entropy generation rate varied with the variation of the
effectiveness and other parameters including temperature, absolute humidity, heat
capacity rate and pressure drop. The typical range of the effectiveness of an MEE is 5080% (Mardiana-Idayu and Riffat, 2012). Based on the typical summer operating
conditions listed in Table 6.1, the dimensionless entropy generation rates were examined
for the cases with and without pressure drop and with a balanced flow (Ct =1) and an
unbalanced flow (Ct ≠1). The balanced flow implied that the heat capacity rates in both
air streams were the same. To ensure the reliability of the parametric study in revealing
the relationship between the entropy generation of the MEE and the investigated
parameters, the variation ranges of those parameters were determined properly to cover a
wide range of operating conditions.
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6.3.3.1 Effects of the sensible and latent heat transfer effectiveness
Fig. 6.4 shows the variations in the entropy generation numbers Ns and Ns1 against
the changes in SHTE and LHTE for the balanced flow under the constant conditions of
T1, T3, w1, w3 and zero pressure drop. Both the SHTE and LHTE were varied in the range
of 0.1-1. Undesirably, the entropy generation number Ns increased as the LHTE
increased. The curves of the entropy generation number Ns versus the SHTE showed two
different behaviours. At the low values of LHTE, the entropy generation number first
increased and then slightly decreased with the increase of SHTE. However, under the
high LHTE conditions, the entropy generation number was generally increased with the
increase of SHTE. This was a paradox of entropy production in the MEE. For the heat
exchangers, the entropy generation paradox did not exist at all the range of SHTE (Bejan,
2006; Bejan, 1987; Hesselgreaves, 2000). However, from Fig. 6.4, it can be seen that the
paradox existed in this enthalpy exchanger as a result of the simultaneous heat and
moisture transfer.
On the other hand, the modified entropy generation number Ns1 decreased
monotonously with the increase in SHTE (Fig. 6.4b). Therefore, it is the appropriate
parameter that could be applied to optimise the design of the MEE. The minimum value
of Ns1 always corresponded to the maximum SHTE, and there was no paradox which is
different from Ns. It can also be noted from Fig. 6.4 that the entropy production inside the
MEE was nearly proportional to the LHTE.
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a) Entropy generation number

b) Modified entropy generation number
Fig. 6.4 Dimensionless entropy generation rates versus the effectiveness (Ct =1,
∆P = 0).
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6.3.3.2 Effects of the ratios of the inlet air temperatures and absolute humidities
Fig. 6.5 illustrates the effect of the inlet temperatures ratio (i.e. the ratio of the inlet
temperature of the supply air and the inlet temperature of the exhaust air) on the entropy
generation number under different combinations of SHTE and LHTE, and under the
balanced flow and zero pressure drop conditions. In this analysis, the inlet temperature of
the exhaust air (i.e. T3) was maintained at 25 ᵒC while the inlet temperature of the supply
air (i.e. T1) was varied between 28 and 55 ᵒC. It can be noticed that the entropy generation
number increased with the increase in the inlet temperatures ratio. Under the same
temperatures ratio and LHTE, the increase in the SHTE resulted in an increase of the
dimensionless entropy generation rate Ns due to the increase in the heat transfer
irreversibility. For entropy production presented in Fig. 6.5b), the modified entropy
generation number Ns1 decreased monotonically with the increase in the ratio of the inlet
temperatures of the two air streams as the temperature difference would directly affect
the heat transfer Q and hence Ns1, as evident from Eq. (6.17).

Entropy generation number
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1.08
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a) Entropy generation number
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Modified entropy generation number
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b) Modified entropy generation number
Fig. 6.5 Dimensionless entropy generation rates versus the inlet temperatures
ratio (Ct =1, ∆P = 0).
Fig. 6.6 demonstrates the variations of the dimensionless entropy generation numbers
Ns and Ns1 with the changes in the ratio of the inlet absolute humidities (i.e. the ratio of
the inlet absolute humidity of the supply air and the inlet absolute humidity of the exhaust
air) at different combinations of SHTE and LHTE, and under the unbalanced flow and
zero pressure drop conditions. The absolute humidity of the inlet exhaust air was
maintained at 10.42 g/kg while the absolute humidity of the inlet supply air was varied
from 11.5 to 31.2 g/kg. The trend of the curves showed that the entropy generation
numbers increased monotonously as the ratio of the absolute humidities increased due to
the increase in the contribution of the moisture diffusion irreversibility. The minimum
entropy generation number and modified entropy generation number corresponded to the
minimum LHTE when the ratio of the inlet absolute humidities and the SHTE were
maintained constant due to the decrease in the entropy generation rate as evident from
Eq. (6.5).
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b) Modified entropy generation number
Fig. 6.6 Dimensionless entropy generation rates versus inlet absolute humidity
ratio (Ct ≠1, ∆P= 0).
6.3.3.3 Effect of the heat capacity rate
Fig. 6.7 shows the effect of the unbalance in the heat capacity rate on the modified
entropy generation number Ns1 for different effectiveness combinations, under the zero
pressure drop. The heat capacity rate ratio was varied in a range of 1-2. Two cases were
considered dependent on which air stream has the highest heat capacity rate. All cases
showed that that the lowest Ns1 corresponded to the balance point (Ct =1). At constant
effectiveness, the modified entropy generation number was nearly proportional to the heat
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capacity rate ratio. The dimensionless entropy generation rate was higher for the case
when the exhaust (cold) air stream had a higher heat capacity rate than the case where the
supply air stream had a higher heat capacity rate. This is mainly because the supply air
stream had a higher specific heat. The behaviour of these curves agreed with the trends
observed by Hesselgreaves (Hesselgreaves, 2000) for a heat exchanger.
Modified entropy generation number
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b) Modified entropy generation number: Ce > Cs
Fig. 6.7 Modified entropy generation number versus the heat capacity ratio (Ct
≠1, ∆P= 0).
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6.3.3.4 Effect of the pressure drop
Fig. 6.8 illustrates the effect of the pressure drop on the irreversibility inside the MEE
for the balanced flow under the constant conditions of T1, T3, w1, w3 and at different
combinations of SHTE and LHTE. The pressure drop was varied in a range of 0-150 Pa.
As expected, increasing the pressure drop caused more losses due to increased friction
flow irreversibility, and hence increased Ns and Ns1. It can also be observed that, at the
fixed value of the pressure drop, it seems that the SHTE had a very limited influence on
the entropy generation number Ns, while the modified entropy generation number
decreased with the increase in the SHTE. For the same cases of the fixed pressure drop,
the dimensionless entropy generation rates Ns and Ns1 were nearly proportional to the
LHTE due to its effect on the absolute humidity. An increase in the outlet absolute
humidities increased the entropy generation rate, as evident in Eq. (6.5).
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Fig. 6.8 Dimensionless entropy generation rates versus pressure drop (Ct =1,
∆P≠ 0).
As a summary, the modified entropy generation number was a more appropriate
parameter to be used as the objective function in the optimisation procedure. It can be
noticed that both the dimensionless entropy generation rates were affected by the outdoor
air temperature and humidity. Moreover, the heat capacity rate and the pressure drop
through the device caused a significant change in the total irreversibility of the MEE.
6.4 Results from the global sensitivity analysis and design optimisation
6.4.1 Results of the global sensitivity analysis
Sensitivity analysis was conducted to assess the sensitivity of the modified entropy
generation number against each parameter through the Sobol approach. Three different
semi-permeable membranes used by Zhang (Zhang, 2016) including energy recovery
(ER) paper membrane, composite membrane and asymmetric membrane were
implemented in this chapter. The examined design parameters included the channel
characteristics, membrane characteristics and the controllable operating conditions (i.e.
supply and exhaust mass flow rates). The variation ranges of these parameters were
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specified based on the previous studies, and they are listed in Table 6.2. The analysis was
performed under the summer operating conditions presented in Table 6.1.
Table 6.2 The ranges of the design parameters of the MEE (Niu and Zhang, 2001; Zhang
et al., 2010; Zhang, 2016; Min and Duan, 2015; Min and Duan, 2016; Liu et al., 2016a)
Design parameters
Channel
characteristics

Operating
conditions

Diffusivity
Dmem (m2/s)

Membrane
characteristics

Values or ranges
[1 – 4]
[0.1 – 0.3]
[0.1 – 0.3]
[120 – 360]
[0.01 – 0.2]

Channel height H (mm)
Channel width w (m)
Channel length l (m)
Number of channels n
Flow rate for supply air
stream ṁs (kg/s)
Flow rate for exhaust air
stream ṁe (kg/s)

Thermal conductivity
λmem (W/m.K)
Thickness
δmem (µm)

[0.01 – 0.2]
ER paper membrane
Composite membrane
Asymmetric
membrane
ER paper membrane
Composite membrane
Asymmetric
membrane
ER paper membrane
Composite membrane
Asymmetric
membrane

1.78 × 10-7
2.76 × 10-6
3.77 × 10-6
0.31
0.28
0.17
[60 - 100]
[60 – 100]
[60 – 100]

For each parameter, Sobol’s sensitivity indices were calculated, and the results are
presented in Fig. 6.9.
The first order index showed the impact of each parameter on the modified entropy
generation number (Ns1) individually. It can be observed that the most sensitive parameter
was ṁe, and the modified entropy generation number was also sensitive to the parameters
of ṁs, n, l, w and Dmem. The membrane thickness (δmem) and thermal conductivity (λmem)
almost did not influence the entropy generation number.
The impacts of each parameter in combination with others were presented in terms
of the total sensitivity indices for all the design parameters. The results showed that the
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membrane thickness and thermal conductivity did not have any significance and can be
neglected in the optimisation process. The total sensitivity of the channel height was less
than 5%, so it can also be excluded in the optimisation step. Although the effect of ṁs, n,
l and w on their own was not noticeable, the interactions between these variables with
other variables resulted in significant effects (more than 10%) and cannot be excluded.
The above results showed that the variation of some parameters did not greatly affect
the dimensionless entropy generation rate inside the MEE. Therefore, the values of these
parameters will be maintained constant during the optimisation procedure, and the other
parameters will be varied according to the ranges specified in Table 6.2.

Fig. 6.9 Sensitivity indices of the modified entropy generation number for
different design parameters.
6.4.2 Results of the design optimisation method
For the given operating conditions shown in Table 6.1 and the characteristics of the
three different membranes, the high sensitivity parameters (n, ṁs, ṁe, l, w and Dmem) were
optimised by the genetic algorithm. The constraints used in this process have been
illustrated in Section 6.2.4. To obtain the reliable results of the optimisation, heat and
moisture transfer duty constraints were also applied. The values of those constraints were
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calculated based on the required flow rate for the conditioned area and the operating
conditions in Table 6.1. The air-to-air cross flow MEE had to recover heat and moisture
of 654.6 W and 0.916 g/sec for the cooling mode and 1244.5 W and 0.242 g/sec for the
heating mode, respectively.
The variation ranges of the high sensitivity parameters were taken from Table 6.2.
The parameters of the GA were identified through many trial tests and the values used
are provided in Table 6.3. The other GA parameters were set as the default values. The
stochastic uniform selection, adaptive feasible mutation, constraint dependent crossover
and forward migration were employed.
Table 6.3 The values of the GA parameters used in the optimisation
Parameter
Population size

Value
200

Crossover fraction

0.8

Migration fraction

0.4

Parameter
Maximum
generations
Fitness
function
tolerance
Constraint tolerance

Value
500
10-4
10-3

Fig. 6.10 demonstrates the trend of the fitness function with respect to the generation
number for both the cooling and heating operating modes. For the cooling mode, it can
be seen that after 180 generations the trend of the fitness function was generally stable
while the fitness function of the heating mode reached stable at around 400 generations.
The optimum values of the major design parameters were obtained after the termination
conditions were satisfied when the changes in the fitness function were less than a
threshold defined while still satisfying the required heat and moisture transfer duty. The
results of the optimum design and the baseline case for both cooling mode and heating
mode are compared and summarised in Table 6.4. The major parameters of the baseline
case were obtained from the published studies (Incropera and Incropera, 2007; Min and
Duan, 2015; Min and Duan, 2016). It is worthwhile to be mentioned that the membrane
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identified by the optimisation process was used in the baseline case for comparison
purposes only. The low sensitive parameters were set to be equal to those of the baseline
case. For the cooling mode, the modified entropy generation number for the baseline and
optimal cases were 0.053 and 0.0425, respectively while those values were 0.0333 and
0.0234 respectively for the heating operating mode. It can be seen that the optimum
design for the cooling mode can reduce the modified entropy generation number by
19.8% compared to the baseline case. The reduction in the entropy generation number
due to the use of the optimal design for the heating mode was 29.7%.
Table 6.4 Baseline and optimal design parameters of the MEE
Parameters

Mass flow rate for the supply side
ṁs (kg/s)
Mass flow rate for the exhaust side
ṁe (kg/s)
Channel width w (m)
Channel length l (m)
Channel height H (mm)
Number of channels n
Membrane type
Membrane thermal conductivity
λmem (W/m.k)
Membrane thickness δmem (µm)
Modified entropy generation
number Ns1
Reduction in the modified entropy
generation number %
Pressure drop for the supply side
∆Ps (Pa)
Pressure drop for the exhaust side
∆Pe (Pa)
Membrane area (m2)
SHTE %
LHTE %

Cooling mode
Baseline
Optimal
design
design
0.2
0.078

Heating mode
Baseline
Optimal
design
design
0.2
0.08

0.2

0.099

0.2

0.08

0.25
0.25
2
360
Asymmetric
membrane
0.17

0.24
0.283
2
328
Asymmetric
membrane
0.17

0.25
0.25
2
360
Asymmetric
membrane
0.17

0.286
0.284
2
326
Asymmetric
membrane
0.17

100
0.053

100
0.0425

100
0.0333

100
0.0234

-

19.8

-

29.7

17.644

8.9

17.644

7.85

17.644

8.13

17.644

7.74

22.5
66.64
59.66

22.27
83.77
80.62

22.5
66.58
59.00

26.5
79.19
75.54
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a) Cooling mode

b) Heating mode
Fig. 6.10 Variation of the penalty values with the generation number.
Fig. 6.11- Fig. 6.14 show the effects of the change in the six high sensitivity
parameters on the modified entropy generation number (Ns1) for both the cooling and
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heating modes. The six major design parameters were varied over the ranges listed in
Table 6.2 while the values of the other parameters were kept constant as listed in Table
6.1 and Table 6.3. The modified entropy generation number varied by changing one of
the design parameters while keeping the other parameters constant at their optimum
values.
Fig. 6.11 shows the effects of the mass flow rates on the modified entropy generation
number for the MEE under the cooling and heating modes. It can be observed that, for
both operating modes, the best operating scenario was under the balanced flow with a low
mass flow rate. The modified entropy generation number increased as the mass flow rate
increased for both air streams. The modified entropy generation number followed the
same trend for both operating modes. However, they varied in different ranges and the
maximum modified entropy generation number value was approximately 0.09 and 0.06
for the cooling and heating mode respectively.

a) Cooling mode
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b) Heating mode
Fig. 6.11 The modified entropy generation number versus the mass flow rates
for the cooling and heating modes.
Fig. 6.12 presents the impacts of the membrane dimensions on the modified entropy
generation number under both cooling and heating modes. The modified entropy
generation number for both modes decreased with increasing the membrane dimensions
(i.e. increase the transfer area). Increase the transfer area would increase the heat transfer
rate which was inversely proportional to the modified entropy generation number.
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a) Cooling mode

b) Heating mode
Fig. 6.12 The effect of the membrane dimensions on the modified entropy
generation number for the cooling and heating operating modes.

The effect of the channel number on the modified entropy generation number for
both operating modes is shown in Fig. 6.13. The modified entropy generation number
decreased with the increase of the channel number as the transfer area increased and the
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mass flow rate decreased. The variations of the modified entropy generation number were
similar for the two operating modes.

Fig. 6.13 Variation of the modified entropy generation number versus the
number of channels for the cooling and heating modes.

Fig. 6.14 shows the effects of the membrane diffusivity on the modified entropy
generation number for both operating modes. It can be observed that the modified entropy
generation number followed the same trend for both operating modes. Firstly, the
modified entropy generation number increased with the increase in membrane diffusivity.
Then, increasing the membrane diffusivity would result in a decrease in the modified
entropy generation number. The above trends indicated that the membrane diffusivity had
a critical value in the range of 1.78 × 10-7- 3.77 × 10-6 m2/s for both operating modes.
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Fig. 6.14 The effect of the membrane diffusivity on the modified entropy
generation number for the cooling and heating operating modes.
As a summary, the two sets of the optimised parameters for the cooling mode and
heating mode were obtained based on two design cases (summer and winter typical
weather). The value of the modified entropy generation number was clearly affected by
the variations of the major design parameters of the MEE.
6.5 Summary
In this chapter, a thermodynamic analysis and a design optimisation of a cross flow
membrane enthalpy exchanger based on the second law of thermodynamics were carried
out. The entropy generation rate inside the MEE was derived and combined with the
NTU-effectiveness method to analyse the thermodynamic performance of the cross flow
MEE. A parametric analysis was carried out to examine the effects of the effectiveness
and the operating conditions on the entropy generation rate of the MEE. Two
dimensionless entropy generation rates were evaluated based on the results of the
parametric analysis to determine the appropriate objective function for the design
optimisation. The modified entropy generation rate was selected as the objective function
to avoid the entropy generation paradox. The Sobol technique of global sensitivity
analysis was then employed to reduce the number of parameters that should be included
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in the optimisation process. The design optimisation was further developed based on the
entropy generation minimisation and genetic algorithm.
The parametric analysis demonstrated that all the studied parameters (SHTE, LHTE,
inlet temperature ratio, inlet absolute humidity ratio, heat capacity rate ratio and pressure
drop) had a significant effect on the entropy generation rate. It was found that the channel
height (H), membrane thickness (δmem) and thermal conductivity (λmem) had a negligible
effect on the entropy generation rate. A case study was used to evaluate the optimisation
method, and the results indicated that the modified entropy generation number of the
optimal case reduced by 19.8% and 29.7% for the cooling mode and heating mode
respectively, in comparison to a baseline case. The design optimisation strategy can
effectively determine the values of the major design parameters of the MEE under certain
design conditions. In practical operations, an optimal control strategy is also required to
regulate air flow rates to achieve optimal performance under various working conditions.
The results generated from this chapter can contribute to understanding the relationship
between the entropy generation rate inside the MEE and the operating conditions/ design
parameters.
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Chapter 7 Conclusions and Recommendations
This thesis presents the development, performance improvement and design optimisation
of air-to-air membrane enthalpy exchangers (MEEs) used in buildings for energy
recovery applications. An innovative approach was developed to improve the properties
of the polymeric membranes by coating them with metal-organic framework materials.
Those properties include moisture diffusivity, hydrophilicity, and porosity. The
performance of the coated membranes was assessed via an in-depth experimental
investigation. Since the cross flow configuration that is often used in heat and moisture
transfer exchangers is characterised by relatively low performance, a new mixed-flow
configuration for MEEs was developed and its performance was evaluated through both
experimental and numerical investigations. Furthermore, a thermo-physical model was
derived to carry out a thermodynamic analysis of MEEs and a thermodynamic-based
design optimisation method was formulated to identify the optimal values of the main
design parameters to enhance the overall performance of MEEs. The key findings
obtained from this study are summarised as follows.
7.1 Summary of main findings
7.1.1 Effect of membrane modification on the performance of the MEE
The key properties of five porous polymeric membranes were first obtained using
direct measurements. The best performing membrane was modified by depositing a thin
layer of the metal-organic frameworks (MOFs) ZIF-8 and HKUST-1 to improve its water
vapour transport properties. Lastly, the performance of the uncoated and coated
membranes in an air-to-air membrane enthalpy exchanger was experimentally assessed.
The main findings were as follows.
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•

The PVDF45 membrane offered the highest moisture diffusivity (1.91×10-6 ±
2.42×10-8 m2/s) and the highest porosity (72.4) with a hydrophilic surface and a
relatively high elastic modulus (4.97×108 ± 3.86×107 MPa).

•

The surface hydrophilicity of the coated membranes was improved as compared
to the uncoated membranes. The rate of water vapour diffusion through the coated
membranes was higher than that for the uncoated membrane, while insignificant
differences in the mechanical properties between the uncoated membrane and the
coated membranes were observed.

•

The latent heat transfer effectiveness improved from 44.4% for the uncoated
PVDF45 membrane to 45.9% and 47.7% for the ZIF-8@PVDF45 and HKUST1@PVDF45 coated membranes, respectively, at the flow rate of 0.24 L/s.

7.1.2 Experimental evaluation of the multi-flow configuration MEE
An experimental investigation and performance evaluation of the multi-flow
configuration air-to-air membrane enthalpy exchanger (MEE) was conducted under
various operating and design conditions. A novel multi-flow configuration MEE core was
designed and built using the best membrane identified (i.e. PVDF45) from the group of
uncoated membranes studied. The main findings were as follows.
•

The performance of the MEE generally improved significantly when reducing the
air flow rate. In the cooling mode, the increase in the ‘outdoor’ air stream
temperature and humidity increased the MEE effectiveness, while increasing
these conditions decreased the MEE effectiveness in the heating operations.
Furthermore, the air flow rate and outdoor air conditions showed significant
effects on both thermal resistance and total energy recovered for both operating
modes.
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•

The enthalpy exchanger with a Z-shape flow configuration of the ‘supply’ air
stream and И-shape flow of the exhaust air stream at an entrance ratio of 0.25
offered the best thermal performance. The same flow configuration was able to
recover the highest amount of energy for all the configurations investigated.

7.1.3 Numerical investigation of the multi-flow configuration MEE
Numerical simulations and performance evaluations of the multi-flow configuration
air-to-air membrane enthalpy exchanger (MEE) under various operating and design
conditions were conducted. Numerical modelling was carried out using two methods: a
2-D finite difference model, and a 3-D finite volume method. The main findings were as
follows.
•

The HKUST-1@PVDF45 membrane exhibited the highest moisture transfer flux
among the uncoated PVDF45 and ZIF-8@PVDF45 membranes, which was
consistent with the results of the moisture diffusivity, hydrophilicity and porosity
measurements carried out for the membranes.

•

The heat transfer flux through the membrane during the heating mode was
insensitive to the outdoor humidity. However, it was slightly affected by the
outdoor humidity in the cooling operation. Meanwhile, the effect of the outdoor
humidity on the moisture flux transfer through the membrane during heating was
not significant compared to that during cooling.

•

The results from the CFD simulations of conjugate heat and moisture transfer
showed that the flow structure with the new hybrid flow configuration consisted
of three zones including mixed flow (somewhere between counter flow and cross
flow) in the central part, small counter flow zones close to the walls, and cross
flow regions near the inlets and outlets.
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•

The effectiveness of the new hybrid flow configuration was between that for pure
cross flow and counter flow. The effectiveness decreased as the entrance ratio
increased and the length/width ratio of the membrane increased.

7.1.4 Thermodynamic analysis and design optimisation of the MEE
A thermodynamic analysis and design optimisation of a cross flow air to air membrane
enthalpy exchanger (MEE) were conducted. The entropy generation rate for simultaneous
heat and moisture transfer was first derived based on the second law of thermodynamics
and the NTU-effectiveness method. Global sensitivity analysis and a genetic algorithm
were then used to determine the key design parameters and obtain their optimal values,
respectively. The main results from this analysis were as follows.
•

The operating conditions had significant impacts on the dimensionless entropy
generation rates inside the MEE.

•

The sensitivity analysis showed that the entropy generation rate inside the MEE
was relatively insensitive to the channel height, membrane thickness and thermal
conductivity of the membrane. While, the entropy generation rate was sensitive
to the flow rates, membrane width and length, membrane moisture diffusivity and
the number of channels.

•

Using the optimal design parameter values can reduce the entropy generation by
19.8% and 29.7% for the cooling mode and heating mode, respectively, as
compared to the baseline design.

7.2 Recommendations for further work
MEEs are still a relatively new technology in the early stages of research and
development. Although MEEs have characteristics that have been shown the potential to
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improve indoor air quality and reduce energy consumption and greenhouse gas emissions,
several aspects require further research.
•

Although hollow-fibres modules have been widely used in air-to-liquid
exchangers, this type of technology has been rarely reported in respect of air-toair MEEs. More research is needed to evaluate the performance of this type of
module in MEEs.

•

Innovative channel design for parallel-plate MEEs is needed to improve the
performance and reduce the size and cost of the exchanger.

•

Further work is required to develop low-cost composite membranes with high
permeability and water vapour selectivity.

•

A single objective design optimisation method was developed in this study.
However, it would be useful to explore multi-objective design optimisation for
MEEs that could further improve the performance for heat and moisture transfer
while minimising life cycle (capital, O&M) costs.

•

Smart control strategies for MEEs are needed to ensure their high-performance
operation while keeping the indoor thermal comfort at an acceptable level.

•

More research effort should also be devoted to the evaluation of the benefits of
integrating air-to-air MEEs into practical HVAC systems.

7.3 Thesis limitations
The methods applied in this thesis have some limitations as below.
•

The test rig developed in Chapter 3 has a limitation with the high flow rate as the
circulation pump cannot supply a high flow rate.
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•

The 2-D model developed in Chapter 5 is suitable only for the laminar flow.
However, the necessary changes are required when the same model is used to
simulate the turbulent flow.

•

The heat and moisture transfer duty in Chapter 6 was calculated based on a
specific case (i.e. air flow rate and design outdoor conditions). Thus, using the
same design optimisation strategy will need to calculate new values of these duties
based on the investigated case.
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Martıń ez, L., Florido-Dı́az, F. J., Hernández, A. and Prádanos, P. 2003. Estimation of
vapor transfer coefficient of hydrophobic porous membranes for applications in
membrane distillation. Separation and Purification Technology, 33, 45-55.
McCullough, E. A., Kwon, M. and Shim, H. 2003. A comparison of standard methods for
measuring water vapour permeability of fabrics. Measurement Science and
Technology, 14, 1402-1408.
Metz, S. J., van de Ven, W. J. C., Potreck, J., Mulder, M. H. V. and Wessling, M. 2005.
Transport of water vapor and inert gas mixtures through highly selective and
highly permeable polymer membranes. Journal of Membrane Science, 251, 2941.
Min, J. and Duan, J. 2015. Membrane-type total heat exchanger performance with heat
and moisture transferring in different directions across membranes. Applied
Thermal Engineering, 91, 1040-1047.
Min, J. and Duan, J. 2016. Comparison of various methods for evaluating the membranetype total heat exchanger performance. International Journal of Heat and Mass
Transfer, 100, 758-766.
Min, J. and Hu, T. 2011. Moisture permeation through porous membranes. Journal of
Membrane Science, 379, 496-503.
Min, J., Hu, T. and Liu, X. 2010. Evaluation of moisture diffusivities in various
membranes. Journal of Membrane Science, 357, 185-191.
221

Min, J. and Su, M. 2010a. Performance analysis of a membrane-based energy recovery
ventilator: Effects of membrane spacing and thickness on the ventilator
performance. Applied Thermal Engineering, 30, 991-997.
Min, J. and Su, M. 2010b. Performance analysis of a membrane-based enthalpy
exchanger: Effects of the membrane properties on the exchanger performance.
Journal of Membrane Science, 348, 376-382.
Min, J. and Su, M. 2011. Performance analysis of a membrane-based energy recovery
ventilator: Effects of outdoor air state. Applied Thermal Engineering, 31, 40364043.
Min, J. C., Su, M. and Wang, L. N. 2012. Experimental and theoretical investigations of
membrane-based energy recovery ventilator performance. International Journal
of Air-Conditioning and Refrigeration, 20, 1150004.
Mishra, M., Das, P. K. and Sarangi, S. 2009. Second law based optimisation of crossflow
plate-fin heat exchanger design using genetic algorithm. Applied Thermal
Engineering, 29, 2983-2989.
Mondal, S., Hu, J. L. and Yong, Z. 2006. Free volume and water vapor permeability of
dense segmented polyurethane membrane. Journal of Membrane Science, 280,
427-432.
Morris, D. R. and Sun, X. 1993. Water-sorption and transport properties of Nafion 117
H. Journal of Applied Polymer Science, 50, 1445-1452.
Mukherjee, S., Sharma, S. and Ghosh, S. K. 2019. Hydrophobic metal-organic
frameworks: Potential toward emerging applications. APL Materials, 7, 050701.
Munirasu, S., Banat, F., Durrani, A. A. and Haija, M. A. 2017. Intrinsically
superhydrophobic PVDF membrane by phase inversion for membrane distillation.
Desalination, 417, 77-86.
Muthukumaraswamy Rangaraj, V., Wahab, M. A., Reddy, K. S. K., Kakosimos, G.,
Abdalla, O., Favvas, E. P., Reinalda, D., Geuzebroek, F., Abdala, A. and
Karanikolos, G. N. 2020. Metal Organic Framework — Based Mixed Matrix
Membranes for Carbon Dioxide Separation: Recent Advances and Future
Directions. Frontiers in Chemistry, 8.
Nagy, E. 2012. 1 - On Mass Transport Through a Membrane Layer. In: NAGY, E. (ed.)
Basic Equations of the Mass Transport through a Membrane Layer. Oxford:
Elsevier.
Nasif, M., Al-Waked, R., Behnia, M. and Morrison, G. 2013. Air to air fixed plate
enthalpy heat exchanger, performance variation and energy analysis. Journal of
Mechanical Science and Technology, 27.
Nasif, M., Al-Waked, R., Morrison, G. and Behnia, M. 2010. Membrane heat exchanger
in HVAC energy recovery systems, systems energy analysis. Energy and
Buildings, 42, 1833-1840.
Nasif, M. S. 2015. Effect of utilizing different permeable material in air-to-air fixed plate
energy recovery heat exchangeron energy saving. ARPN Journal of Engineering
and Applied Sciences, 10, 10153-10158.
Nasif, M. S. and Al-Waked, R. 2014. Seasonal Weather Conditions Effect on Energy
Consumption and CO2 Emission for Air Conditioning Systems Coupled with
Enthalpy Energy Recovery Heat Exchanger. APCBEE Procedia, 10, 42-48.
Nasif, M. S., Al-Waked, R. f., Behnia, M. and Morrison, G. 2012. Modeling of Air to Air
Enthalpy Heat Exchanger. Heat Transfer Engineering, 33, 1010-1023.
Nguyen, Q. T., Germain, Y., Clément, R. and Hirata, Y. 2001. Pervaporation, a novel
technique for the measurement of vapor transmission rate of highly permeable
films. Polymer Testing, 20, 901-911.
222

Nie, J., Yuan, S., Fang, L., Zhang, Q. and Li, D. 2018. Experimental study on an
innovative enthalpy recovery technology based on indirect flash evaporative
cooling. Applied Thermal Engineering, 129, 22-30.
Niu, J. L. and Zhang, L. Z. 2001. Membrane-based Enthalpy Exchanger: material
considerations and clarification of moisture resistance. Journal of Membrane
Science, 189, 179-191.
O’Connor, D., Calautit, J. K. S. and Hughes, B. R. 2016. A review of heat recovery
technology for passive ventilation applications. Renewable and Sustainable
Energy Reviews, 54, 1481-1493.
Omer, A. M. 2008. Energy, environment and sustainable development. Renewable and
Sustainable Energy Reviews, 12, 2265-2300.
Phattaranawik, J., Jiraratananon, R. and Fane, A. G. 2003. Effect of pore size distribution
and air flux on mass transport in direct contact membrane distillation. Journal of
Membrane Science, 215, 75-85.
Qu, M., Abdelaziz, O., Gao, Z. and Yin, H. 2018. Isothermal membrane-based air
dehumidification: A comprehensive review. Renewable and Sustainable Energy
Reviews, 82, 4060-4069.
Ragab, D., Gomaa, H. G., Sabouni, R., Salem, M., Ren, M. and Zhu, J. 2016.
Micropollutants removal from water using microfiltration membrane modified
with ZIF-8 metal organic frameworks (MOFs). Chemical Engineering Journal,
300, 273-279.
Rajabzadeh, S., Maruyama, T., Ohmukai, Y., Sotani, T. and Matsuyama, H. 2009.
Preparation of PVDF/PMMA blend hollow fiber membrane via thermally induced
phase separation (TIPS) method. Separation and Purification Technology, 66, 7683.
Rao, R. V., Saroj, A., Ocloń, P. and Taler, J. 2020. Design Optimization of Heat
Exchangers with Advanced Optimization Techniques: A Review. Archives of
Computational Methods in Engineering, 27, 517-548.
Reijerkerk, S. R., Jordana, R., Nijmeijer, K. and Wessling, M. 2011. Highly hydrophilic,
rubbery membranes for CO2 capture and dehydration of flue gas. International
Journal of Greenhouse Gas Control, 5, 26-36.
Ren, H., Ma, Z., Lin, W., Wang, S. and Li, W. 2019. Optimal design and size of a
desiccant cooling system with onsite energy generation and thermal storage using
a multilayer perceptron neural network and a genetic algorithm. Energy
Conversion and Management, 180, 598-608.
Rivin, D., Kendrick, C. E., Gibson, P. W. and Schneider, N. S. 2001. Solubility and
transport behavior of water and alcohols in Nafion™. Polymer, 42, 623-635.
Robeson, L. M. 2008. The upper bound revisited. Journal of Membrane Science, 320,
390-400.
Rodgers, M. P., Berring, J., Holdcroft, S. and Shi, Z. 2008a. The effect of spatial
confinement of Nafion® in porous membranes on macroscopic properties of the
membrane. Journal of Membrane Science, 321, 100-113.
Rodgers, M. P., Shi, Z. and Holdcroft, S. 2008b. Transport properties of composite
membranes containing silicon dioxide and Nafion®. Journal of Membrane
Science, 325, 346-356.
Sabek, S., Tiss, F., Chouikh, R. and Guizani, A. 2016a. Experimental investigation and
numerical validation of total heat exchanger and membrane phenomena. Energy
and Buildings, 133, 131-140.

223

Sabek, S., Tiss, F., Chouikh, R. and Guizani, A. 2016b. Numerical investigation of
membrane based heat exchanger with partially blocked channels. Applied
Thermal Engineering, 104, 203-211.
Sabek, S., Tiss, F., Chouikh, R. and Guizani, A. 2018. Numerical investigation of heat
and mass transfer in partially blocked membrane based heat exchanger: Effects of
obstacles forms. Applied Thermal Engineering, 130, 211-220.
Saber, E. M., Tham, K. W. and Leibundgut, H. 2016. A review of high temperature
cooling systems in tropical buildings. Building and Environment, 96, 237-249.
Saltelli, A., Tarantola, S. and Campolongo, F. 2000. Sensitivity Analysis as an Ingredient
of Modeling. Statistical Science, 15, 377-395.
Scott, N. H. 2000. An Area Modulus of Elasticity: Definition and Properties. Journal of
Elasticity and the Physical Science of Solids, 58, 269-275.
Scovazzo, P. 2010. Testing and evaluation of room temperature ionic liquid (RTIL)
membranes for gas dehumidification. Journal of Membrane Science, 355, 7-17.
Seetharaj, R., Vandana, P. V., Arya, P. and Mathew, S. 2019. Dependence of solvents,
pH, molar ratio and temperature in tuning metal organic framework architecture.
Arabian Journal of Chemistry, 12, 295-315.
Shah, R. K. and Sekulić, D. P. 2003. Surface Basic Heat Transfer and Flow Friction
Characteristics. Fundamentals of Heat Exchanger Design.
Shen, Z. J. and Min, J. C. 2020. Outdoor air state that may cause moisture condensation
in membrane-type total heat exchangers using different membrane materials.
Energy Reports, 6, 227-233.
Siegele, D. and Ochs, F. 2019. Effectiveness of a membrane enthalpy heat exchanger.
Applied Thermal Engineering, 160, 114005.
Sijbesma, H., Nymeijer, K., van Marwijk, R., Heijboer, R., Potreck, J. and Wessling, M.
2008. Flue gas dehydration using polymer membranes. Journal of Membrane
Science, 313, 263-276.
Sorribas, S., Kudasheva, A., Almendro, E., Zornoza, B., de la Iglesia, Ó., Téllez, C. and
Coronas, J. 2015. Pervaporation and membrane reactor performance of polyimide
based mixed matrix membranes containing MOF HKUST-1. Chemical
Engineering Science, 124, 37-44.
Srivastava, H. P., Arthanareeswaran, G., Anantharaman, N. and Starov, V. M. 2011.
Performance and properties of modified poly (vinylidene fluoride) membranes
using general purpose polystyrene (GPPS) by DIPS method. Desalination, 283,
169-177.
Stiesch, G., Klein, S. A. and Mitchell, J. W. 1995. Performance of Rotary Heat and Mass
Exchangers. HVAC&R Research, 1, 308-323.
Sylvester, A., Engarnevis, A., Kadylak, D., Huizing, R., Rogak, S. and Green, S. 2020.
Numerical and experimental analysis of forced convection in rib-roughened
channels with moisture-permeable walls. AIChE Journal, 66, e16801.
Ürge-Vorsatz, D., Cabeza, L. F., Serrano, S., Barreneche, C. and Petrichenko, K. 2015.
Heating and cooling energy trends and drivers in buildings. Renewable and
Sustainable Energy Reviews, 41, 85-98.
Vali, A., Ge, G., Besant, R. W. and Simonson, C. J. 2015. Numerical modeling of fluid
flow and coupled heat and mass transfer in a counter-cross-flow parallel-plate
liquid-to-air membrane energy exchanger. International Journal of Heat and
Mass Transfer, 89, 1258-1276.
Vali, A., Simonson, C. J., Besant, R. W. and Mahmood, G. 2009. Numerical model and
effectiveness correlations for a run-around heat recovery system with combined
224

counter and cross flow exchangers. International Journal of Heat and Mass
Transfer, 52, 5827-5840.
Vatanpour, V. and Khorshidi, S. 2020. Surface modification of polyvinylidene fluoride
membranes with ZIF-8 nanoparticles layer using interfacial method for BSA
separation and dye removal. Materials Chemistry and Physics, 241, 122400.
Vladisavljević, G. T. and Mitrović, M. V. 2001. Pressure drops and hydraulic resistances
in a three-phase hollow fiber membrane contactor with frame elements. Chemical
Engineering and Processing: Process Intensification, 40, 3-11.
Wang, Y., Han, Q., Zhou, Q., Du, X. and Xue, L. 2016. Molecular sieving effect of
zeolites on the properties of PVA based composite membranes for total heat
recovery in ventilation systems. RSC Advances, 6, 66767-66773.
Wang, Y., Li, H., Dong, G., Scholes, C. and Chen, V. 2015. Effect of Fabrication and
Operation Conditions on CO2 Separation Performance of PEO–PA Block
Copolymer Membranes. Industrial & Engineering Chemistry Research, 54, 72737283.
Warsinger, D. M., Chakraborty, S., Tow, E. W., Plumlee, M. H., Bellona, C., Loutatidou,
S., Karimi, L., Mikelonis, A. M., Achilli, A., Ghassemi, A., Padhye, L. P., Snyder,
S. A., Curcio, S., Vecitis, C. D., Arafat, H. A. and Lienhard, J. H. 2018. A review
of polymeric membranes and processes for potable water reuse. Progress in
Polymer Science, 81, 209-237.
Woods, J. 2014. Membrane processes for heating, ventilation, and air conditioning.
Renewable and Sustainable Energy Reviews, 33, 290-304.
Woods, J. and Kozubal, E. 2013. Heat transfer and pressure drop in spacer-filled channels
for membrane energy recovery ventilators. Applied Thermal Engineering, 50,
868-876.
Xiao, L., Yang, M., Zhao, S., Yuan, W.-Z. and Huang, S.-M. 2019. Entropy generation
analysis of heat and water recovery from flue gas by transport membrane
condenser. Energy, 174, 835-847.
Xu, Q., Yang, J., Dai, J., Yang, Y., Chen, X. and Wang, Y. 2013. Hydrophilization of
porous polypropylene membranes by atomic layer deposition of TiO2 for
simultaneously improved permeability and selectivity. Journal of Membrane
Science, 448, 215-222.
Yaïci, W., Ghorab, M. and Entchev, E. 2013. Numerical analysis of heat and energy
recovery ventilators performance based on CFD for detailed design. Applied
Thermal Engineering, 51, 770-780.
Yang, B., Yuan, W., Gao, F. and Guo, B. 2013. A review of membrane-based air
dehumidification. Indoor and Built Environment, 24, 11-26.
Yang, F., Efome, J. E., Rana, D., Matsuura, T. and Lan, C. 2018. Metal–Organic
Frameworks Supported on Nanofiber for Desalination by Direct Contact
Membrane Distillation. ACS Applied Materials & Interfaces, 10, 11251-11260.
Yang, M., Huang, S.-M. and Yang, X. 2014. Experimental investigations of a quasicounter flow parallel-plate membrane contactor used for air humidification.
Energy and Buildings, 80, 640-644.
Yang, S., Zou, Q., Wang, T. and Zhang, L. 2019. Effects of GO and MOF@GO on the
permeation and antifouling properties of cellulose acetate ultrafiltration
membrane. Journal of Membrane Science, 569, 48-59.
Yang, W., Sun, L. and Chen, Y. 2015. Experimental investigations of the performance of
a solar-ground source heat pump system operated in heating modes. Energy and
Buildings, 89, 97-111.
225

Yousefi, M., Enayatifar, R., Darus, A. N. and Abdullah, A. H. 2013. Optimization of
plate-fin heat exchangers by an improved harmony search algorithm. Applied
Thermal Engineering, 50, 877-885.
Yu, S., Im, S., Kim, S., Hwang, J., Lee, Y., Kang, S. and Ahn, K. 2011. A parametric
study of the performance of a planar membrane humidifier with a heat and mass
exchanger model for design optimization. International Journal of Heat and Mass
Transfer, 54, 1344-1351.
Zarea, H., Moradi Kashkooli, F., Mansuri Mehryan, A., Saffarian, M. R. and Namvar
Beherghani, E. 2014. Optimal design of plate-fin heat exchangers by a Bees
Algorithm. Applied Thermal Engineering, 69, 267-277.
Zaw, K., Safizadeh, M. R., Luther, J. and Ng, K. C. 2013. Analysis of a membrane based
air-dehumidification unit for air conditioning in tropical climates. Applied
Thermal Engineering, 59, 370-379.
Zhang, L.-Z. 2005a. Convective mass transport in cross-corrugated membrane
exchangers. Journal of Membrane Science, 260, 75-83.
Zhang, L.-Z. 2005b. Numerical Study of Periodically Fully Developed Flow and Heat
Transfer in Cross-Corrugated Triangular Channels in Transitional Flow Regime.
Numerical Heat Transfer, Part A: Applications, 48, 387-405.
Zhang, L.-Z. 2006a. Evaluation of moisture diffusivity in hydrophilic polymer
membranes: A new approach. Journal of Membrane Science, 269, 75-83.
Zhang, L.-Z. 2006b. Fabrication of a lithium chloride solution based composite supported
liquid membrane and its moisture permeation analysis. Journal of Membrane
Science, 276, 91-100.
Zhang, L.-Z. 2006c. Investigation of moisture transfer effectiveness through a hydrophilic
polymer membrane with a field and laboratory emission cell. International
Journal of Heat and Mass Transfer, 49, 1176-1184.
Zhang, L.-Z. 2007a. Heat and mass transfer in a cross-flow membrane-based enthalpy
exchanger under naturally formed boundary conditions. International Journal of
Heat and Mass Transfer, 50, 151-162.
Zhang, L.-Z. 2007b. Numerical study of heat and mass transfer in an enthalpy exchanger
with a hydrophobic-hydrophilic composite membrane core. Numerical Heat
Transfer, Part A: Applications, 51, 697-714.
Zhang, L.-Z. 2007c. Thermally Developing Forced Convection and Heat Transfer in
Rectangular Plate-Fin Passages Under Uniform Plate Temperature. Numerical
Heat Transfer, Part A: Applications, 52, 549-564.
Zhang, L.-Z. 2008a. Heat and Mass Transfer in a Total Heat Exchanger: CrossCorrugated Triangular Ducts with Composite Supported Liquid Membrane.
Numerical Heat Transfer, Part A: Applications, 53, 1195-1210.
Zhang, L.-Z. 2008b. Heat and mass transfer in plate-fin sinusoidal passages with vaporpermeable wall materials. International Journal of Heat and Mass Transfer, 51,
618-629.
Zhang, L.-Z. 2009a. Coupled heat and mass transfer through asymmetric porous
membranes with finger-like macrovoids structure. International Journal of Heat
and Mass Transfer, 52, 751-759.
Zhang, L.-Z. 2009b. Flow Maldistribution and Performance Deteriorations in MembraneBased Heat and Mass Exchangers. Journal of Heat Transfer, 131.
Zhang, L.-Z. 2009c. Heat and mass transfer in plate-fin enthalpy exchangers with
different plate and fin materials. International Journal of Heat and Mass Transfer,
52, 2704-2713.
226

Zhang, L.-Z. 2010a. An analytical solution for heat mass transfer in a hollow fiber
membrane based air-to-air heat mass exchanger. Journal of Membrane Science,
360, 217-225.
Zhang, L.-Z. 2010b. Heat and mass transfer in a quasi-counter flow membrane-based total
heat exchanger. International Journal of Heat and Mass Transfer, 53, 5478-5486.
Zhang, L.-Z. 2012. Progress on heat and moisture recovery with membranes: From
fundamentals to engineering applications. Energy Conversion and Management,
63, 173-195.
Zhang, L.-Z. 2013. Conjugate Heat and Mass Transfer in Heat Mass Exchanger Ducts.
In: ZHANG, L.-Z. (ed.) Conjugate Heat and Mass Transfer in Heat Mass
Exchanger Ducts. Boston: Academic Press.
Zhang, L.-Z. 2016. A reliability-based optimization of membrane-type total heat
exchangers under uncertain design parameters. Energy, 101, 390-401.
Zhang, L.-z. and Chen, Z.-y. 2011. Convective heat transfer in cross-corrugated triangular
ducts under uniform heat flux boundary conditions. International Journal of Heat
and Mass Transfer, 54, 597-605.
Zhang, L.-Z., Liang, C.-H. and Pei, L.-X. 2008a. Heat and moisture transfer in application
scale parallel-plates enthalpy exchangers with novel membrane materials. Journal
of Membrane Science, 325, 672-682.
Zhang, L.-Z., Liang, C.-H. and Pei, L.-X. 2010. Conjugate heat and mass transfer in
membrane-formed channels in all entry regions. International Journal of Heat
and Mass Transfer, 53, 815-824.
Zhang, L.-Z., Wang, Y.-Y., Wang, C.-L. and Xiang, H. 2008b. Synthesis and
characterization of a PVA/LiCl blend membrane for air dehumidification. Journal
of Membrane Science, 308, 198-206.
Zhang, L.-Z. and Xiao, F. 2008. Simultaneous heat and moisture transfer through a
composite supported liquid membrane. International Journal of Heat and Mass
Transfer, 51, 2179-2189.
Zhang, L.-Z., Zhang, X.-R., Miao, Q.-Z. and Pei, L.-X. 2012. Selective permeation of
moisture and VOCs through polymer membranes used in total heat exchangers
for indoor air ventilation. Indoor Air, 22, 321-330.
Zhang, L. Z. 2006d. Effects of Membrane Parameters on Performance of Vapor
Permeation through a Composite Supported Liquid Membrane. Separation
Science and Technology, 41, 3517-3538.
Zhang, L. Z. and Niu, J. L. 2001. Energy requirements for conditioning fresh air and the
long-term savings with a membrane-based energy recovery ventilator in Hong
Kong. Energy, 26, 119-135.
Zhang, L. Z. and Niu, J. L. 2002. Performance comparisons of desiccant wheels for air
dehumidification and enthalpy recovery. Applied Thermal Engineering, 22, 13471367.
Zhang, W.-K., Yang, M., Chen, J.-C., Tao, S., Huang, X., Hu, B. and Huang, S.-M. 2018.
Quasi-counter flow parallel-plate membrane contactors (QCPMC) for liquid
desiccant air dehumidification: Conjugate heat and mass transfer. International
Journal of Thermal Sciences, 134, 665-672.
Zhang, X.-R., Zhang, L.-Z., Liu, H.-M. and Pei, L.-X. 2011. One-step fabrication and
analysis of an asymmetric cellulose acetate membrane for heat and moisture
recovery. Journal of Membrane Science, 366, 158-165.
Zhang, Y., Jiang, Y., Zhang, L. Z., Deng, Y. and Jin, Z. 2000. Analysis of thermal
performance and energy savings of membrane based heat recovery ventilator.
Energy, 25, 515-527.
227

Zhao, D., Yu, Y. and Chen, J. P. 2016. Treatment of lead contaminated water by a PVDF
membrane that is modified by zirconium, phosphate and PVA. Water Research,
101, 564-573.
Zhao, D., Zuo, J., Lu, K.-J. and Chung, T.-S. 2017. Fluorographite modified PVDF
membranes for seawater desalination via direct contact membrane distillation.
Desalination, 413, 119-126.
Zhong, Q., Yang, L., Tao, Y., Luo, C., Xu, Z. and Xi, T. 2015. An optimized crossflow
plate-fin membrane-based total heat exchanger. Energy and Buildings, 86, 550556.
Zhou, H.-C., Long, J. R. and Yaghi, O. M. 2012. Introduction to Metal–Organic
Frameworks. Chemical Reviews, 112, 673-674.
Zhou, H., Chen, Y., Fan, H., Shi, H., Luo, Z. and Shi, B. 2008. The polyurethane/SiO2
nano-hybrid membrane with temperature sensitivity for water vapor permeation.
Journal of Membrane Science, 318, 71-78.
Zubair, S. M., Kadaba, P. V. and Evans, R. B. 1987. Second-Law-Based
Thermoeconomic Optimization of Two-Phase Heat Exchangers. Journal of Heat
Transfer, 109, 287-294.

228

Appendix A: Chemical formulas of MOF and pictures of
coated membranes

Fig. A1 The chemical reactions of MOFs' formations and MOF’s formulas a) HKUST-1
and b) ZIF-8.
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a) Coated membrane with ZIF-8 in four different positions.
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b) Coated membrane with HKUST-1 in four different positions.
Fig. A2 Optical microscope pictures of the coated membranes taken in different
positions on the membrane surfaces.
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